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for the Degree of Master of Science in Physics

ABSTRACT

- I Experimental and theoretical results are presented for the second harmonic emission
S2'. ;. where w, is the electron cyclotronLueqencyf"from a pulsed, high power gyrotron

designed for high frequency fundamental (w ,. w,) operation. The gyrotron produces more
than 100 kW of output power at 140 GHz in the TEO., 1 mode at the fundamental. Eight
second harmonic modes were observed in gyrotron operation between 4.0 and 6.0 tesla
with 65 kV beam voltage and up to five amps of beam current. The two strongest modes
were the TEI,2.1 at 241 GHz which produced approximately 25 kW of output power at
7% efficiency and the TE9 ,2 .1 with ; 15 kW at 209 GHz. These represent the highest
power measured for high frequency (> 100 (Hz) gyrotron operation at a harmonic.

The theoretical investigation involved a linear theory for determining threshold oscil-
lation conditions and two nonlinear theories for efficiency calculations. For the gyrotron
resonator which is excited at the fundamental in the TE 0.3,1 mode at 140 GHz, there are
36 different modes in the frequency range 203- 303 GHz which could be excited at w ; 2wc
for a magnetic field between 4.0-6.0 tesla. The linear theory results predicted 28 of these
second harmonic resonator modes to be above threshold for operation at 65 kV and five
amps. Minimum starting currents for the strongest second harmonic modes were calcu-
lated to be 0.5 A. which is of the same order as starting currents for fundamental modes.
The calculations using both slow and fast time scale nonlinear theories predicted overall
efficiencies of ; 20ei. This is only a factor of two lower than the theoretical fundamen-
tal mode efficiencies. The relatively high second harmonic efficiencies arise because these
modes have higher Q factors which compensate for the reduced gain at the harmonics.

The measured harmonic emission was less than the theoretical predictions both in
terms of number of modes observed and the overall efficiencies. A number of possible
explanations for the discrepancy were considered. At most magnetic field values there
was some radiation at the fundamental and the second harmonic signal was weak or
nonexistent. The two strong second harmonic modes appeared at magnetic field values
where there was no fundamental oscillation. This seemed to indicate that oscillation at
the fundamental was suppressing the weaker and missing second harmonic modes. A
qualitative consideration of the mode competition between the fundamental and second
harmonic supports this interpretation of mode suppression.
• The present study indicates that second harmonic emission can achieve high power
levels at very high frequencies with reasonable efficiencies. Using available superconducting
magnets and second harmonic operation, high power emission well into the submillimeter

* .. ( 60 (;Hz) appears feasible.

Thesis Supervisor: Dr. Richard J. Temkin
Title: Leader. Millimeter Source Group, MIT Plasma Fusion Center
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Chapter 1

Introduction

Within the past two decades, the gyrotron has rapidly developed as an efficient

source of high frequency microwave radiation. A worldwide effort of experimental

gyrotron designs has produced a wide range of operating parameters including

output power levels in excess of a megawatt, pulse lengths from microseconds

to continuous (cw). and wavelengths from several centimeters to well into the

submillimeter. The technology and demand for gyrotrons is such that they are

nov available commercially.

Increasin g with the perforrrance level of gyrotrolls is the list of proposed

applications. Among these are high fhequencx radar. particle accelerator.s, spec-

troscopy of biological materials. and as a scattering source for plasma diagnos-

tics. But the most impressive application thus far has been in electron cyclotronI' resonance heating (ECRH) experiments in magnetically confined fusion devices.

Significant bulk plasma heating increases have been recorded in the Soviet Union

F and gyrotrons for ECRI have become an integral part of many experimental

fusion machines in the United States. The ECRH demands of a commercially

7
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* viable fusion reactor have driven the long term gyrotron goals to long pulse, high

aV..,

efficiency, with megawatt power levels in the 100-300 GHz frequency range. As

stated previously, each of these goals alone has been realized, but no gyrotron

.* -'* exists today which incorporates all of them.

1.1 - Historical Development of the Gyrotron

Microwave devices in the 1950's all had similar limitations which precluded

design and operation in the millimeter and submillimeter regime. Internal com-

ponent dimensions were directly related to the wavelength (A) of the output radi-

alion. Systems such as the travelling wave tube (TWT) or magnetron required a

periodic structure on the order of A and klystron had electrodes with dimensions

less than A. Obviously. radiation wavelengths of a few millimeters or less required

a new mechanism for amplification.

Such a mechanism was first theorized in 1958 by R. Q. Twiss 2. An astro-

physicist. Twiss surmised that under certain conditions. electromagnetic radiation

traversing a magnelized, relativistic plasma would be amplified. In 1959. Schneider

,'- 3 iisilri (tIialiurn' mciarhanics and A. V. (;apornov .1 employing a c lasical Irva-

Then". '.'parailelx reached a simnilar :oclion concCrling lit pn! sililii\ of gaili

, from relativistic electrons gyrating in a magnetic field. ltirshfield and \\achtel 5

provided the first experimental confirmation of the gain mechanisii in 1961.

The amplified radiation from the theorized interaction was necessarily near

the I)oppler shifted cyclotron resonance. With ' representing the angular fre-

quency and k the wave vector of the radiation, the condilion may be staled

U) k -r' ii.,(

,,
-- ad



where n is an integer representing the harmonic number, 6 the drift velocity and

w, is the relativistic electron gyrofrequency. That is

eB
WC- e (1.2)

yIme

with e and me the electron charge and rest mass, B the magnetic field strength

and -7 is the relativistic factor given by

1

=- (1.3)
\ - 2

where 3 r c is the velocity normalized to the speed of light (c). Appropri-

atelv enough. devices employing this amplification mechanism were called electron

cyclotron masers (ECM) or cyclotron resonance masers (CRM), the latter term

appearing extensively in Soviet literature.

Theoretical and experimental work continued throughout the 1960's with a

massive effort taking place in the Soviet Union. Many possible configurations of

electron beam and magnetic field were considered. However. the most promising

was a helical, annular electron beam from a magnetron injection gun transiting an

openI resonator near cutoff. aligned with a static magnelic field. 'l'lhi (omb) ine(l!

I he (apability to confine an intense. nionoenergetic electron beam with lh( decided

adIvantage of simplicity of design and construction. By operating near the cutoff

frequency of the resonator cavity. the k term is small so that high efficiency can

be achieved with electron beams having a large velocity spread. The term gyrotron

was first used by Gaponov J61 for devices of this description. The name gyrotron

has since acquired the additional restrictive meaning of weakly relativistic electron

beamr voltages, such that 32' 1.

9
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In the latter half of the 1960's, interest in this class of free electron device

was minimal in the west, but the Soviet effort continued with significant theo-

retical advances. In particular, a nonlinear theory developed Gaponov, Petelin,

and Yulpatov j7J and reduced to a particularly tractable form by Nusinovich and

Erm [8], allowed gyrotron efficiency calculations and thus optimization of device

parameters including resonator cavity profile. The results of the theoretical work

became evident in the early 1970's when Soviet experimentalists provided impres-

sive milestones of achievement. These results sparked renewed interest in gyrotron

research in the west.

A diagram of the status of gyrotron research to date is shown in Figures 1.1a

and I.lb. Figure 1.la considers only gyrotrons operating at the fundamental

(n = 1) while Figure 1.Lb depicts the results at higher harmonics (n > 1). Both

graphs show achievements in terms of frequency and output power with separate

symbols for various degrees of pulsed operation. For these figures, operation with

pulse duration of less than 10 risec was considered short pulse. while greater than

50 rnsec is shown as long pulse.

Examination of Figure L.1a reveals the tradeoff betweeln long pilIse leglI h aid

high output power at high frequency. The highest output power in cw operalion

is tile 342 kW Varian [9] result at 28 GHz. V;arian O10 and Hughes A11 have

both produced 200 kW, 60 GHz gyrotrons. The Hughes version is long pulsed and

the \arian design is capable of cw operation. It should be mentioned that chart

space in Figure 1 .1a did not allow inclusion of the increasing number of commercial

ventures in this low frequency. long pulse regime. In particular, Thomson-CSF 112I

10

D
I

'BV



.) 0 D

z 0

0I 0

*4U 0

00

00
* 0O

%n
4a L

00r

00

OON 0 0 -co

0 0-
10 -

(MAI) 83MOd LfldifO
4..



,'0

and Nippon Electric Company (NEC) [13] have produced - 200 kW gyrotrons for

long pulse operation at 35 GHz. Toshiba has also constructed 22 and 70 GHz

gyrotrons [14]. The Soviet contribution in this area of operation are gyrotrons

presently used to heat the Kurchatov T-10 Tokamak 15]. These devices operate

at 85 GHz with an average output power of 200 kW in pulses of up to about 50

msec.

Increasing the frequency of cw operation has resulted in significant decreases

in the output power available. As shown in Figure 1.1a. the highest frequency

yet achieved in cw operation at the fundmental is 150 GHz with 22 kW of output

power reported by Andronov et al. 16 . This surpassed the 1974 result described

by Zaytsev 17, of a cw gyrotron capable of 12 kW at 107 GlIz.

Short pulsed operation greatly increases the operating space, both in terms

of power and frequency. The 1 MW power level was first exceeded by a gyrotron

operating in -hort pulses at the fundamental in 1978 as reported by Andronov

16 . These results included the achievement of 1.25 MW at 45 GHz and 1.1 MW

at 100 G;Lz. L'xteriments by Gol'denberg which were reported by Flyagil 18

recewl excevded this power level. Using a 90 kV. 50 A electron bearn with a

10 psec pulse length. 1. I MW of output power was achieved at 100 GlIz. The

same paper described experiments well into the submillimeter by Luchinin and

Nusinovich. which are represented in Figure 1.La by the six points beyond 300

Gltz with power levels from 20 to 130 kW. These dramatic results were produced

by using pulsed magnets capable of 23 tesla.

12



The final points in Figure 1.La represent short pulsed results, but were de-

signed for extension to the cw and ECRH applications. Wall loading effects on the

resonator cavity were considered and continuous magnets were used. A gyrotron

at the Naval Research Laboratory (NRL) [19] achieved 340 kW of output power

at 35 GHz with an incredible 53% efficiency. The MIT gyrotron 120] produced 175

kW of power at 140 GHz in operation at the fundamental. This represents the

highest power at high frequency (> 100 GHz) in a low ohmic loss resonator mode

which is compatible with scaling up to long pulse or cw operation.

High power gyrotrons operating at harmonics of the cyclotron frequency are

shown in Figure 1.1b. All of the results depicted are second harmonic (n - 2)

except for one third harmonic result which is labelled.

A large part of the Soviet experimental effort in the early 1970's used gy-

roTrons designed for operation at the second harmonic. In 1974, Kisel l21' ob-

tained 10 kW of cw power and 30 kW in pulsed operation at 34 GHz. The next

month. Zaytsev 17 published results of 7 kW\ at 154 Gllz in pulsed operation.

with 2.4 kW at 157 GHz and 1.5 kW at 326 GHz in cw operation. Recent. Soviet

harmonic gyrotron investigations by Zapevalov reveal a marked increase in power

and efficiency by using a stepped profile cavity. In 1979 122. pulsed operation

at 25 GHz produced 500 kW. The latest Zapevalov results '23' include a pulsed

second harmonic gyrotron emitting 150 kW of output power at 34 GHz. and third

harmonic pulsed operation producing 100 kW of power at 55 GHz. This last result

represents a remarkable 10% efficiency at the third harmonic.

13
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There have been few investigations of high power, high frequency harmonic

operation outside of the Soviet Union. The Harry Diamond Laboratories in con-

junction with NRL i24 completed a design effort for a 240 GHz, - 10 kW gyrotron,

but initial experimental results have yet to produce the expected efficiencies. Some

work has been carried out in the People's Republic of China (PRC), including 30

kW of power at 37 GHz [25 . Thomson-CSF 1121 has recently reported on initial

studies of a second harmonic gyrotron which has produced - 30 kW at 70 GHz.

The only other high power, second harmonic operation of a gyrotron is the MIT

result 726j, which is the basis for this thesis. As depicted in Figure 1.lb, the 25 kW

of output power at 241 GHz achieved in the present study is a singular achieve-

ment for harmonic operation. In the future. it may be possible to extend these

results to higher power and frequency.

1.2 -- The MIT Gyrotron

The MIT results cited in the previous section were produced by a gyrotron

which has been in operation since 1982 at the Francis Bitter National Magnet

Laboratory on the MIT carnpus. The design and intitial results were reported in

27 . Receni results describi ng enhanced efficiency and(l imlu)roved diagnostics arc

found in :20 .

Figure 1.2 is a schematic diagram of the device. The overall axisymmetric

geometry is typical of most gyrotron designs. To the left in Figure 1.2 is the

electron gun which produces an annular electron beam. The beam travels to the

right entering the magnetic compression region and( through the resonator cavity.

Exiting the resonator and high magnetic field region, the beam is deposited on

15
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the collector which also serves as an oversized output waveguide for the generated

RF. The microwave radiation passes through a fused quartz output window which

allows the entire resonator tube section to be kept under vacuum, normally less

than 4 x 10- 8 torr.

The electron gun is a magnetron injection type constructed by Varian As-

sociates 28i which produces a nonlaminar flow of electrons. The designed ratio

of perpendicular to parallel velocities (v_L ivi!) with respect to the main magnetic

field is 1.49. Beam cathode voltages of up to 80 k\ have been used producing

beam currents of up to 10 A.

The Bitter magnet which produces the main solenoidal field is a copper core,

water cooled magnet capable of generating fields in excess of 10 T in cw operation.

Additionally, two coils capable of generating 0.2 T are located symmetrically about

the electron gun cathode region to allow minor changes in the magnetic compres-

sion and beam quality. These are labelled "gun coils- in Figure 1.2.

The resonator cavity is a section of cylindrical waveguide with a downtaper

on the beam input end and an uptaper to the output waveguide on the other end.

The inpt section downiaper is intended to keep the microwave radiation from

leaking back towards the electron gun.

The same resonator produced both the 140 Gllz. 175 kW fundamental result

and the 241 (Hz. 25 kW second harmonic result shown in Figures 1.1a and 1.11).

The cavity was designed for fundamental operation in the TE3,:i mode with a

straight. section length of 6A and a radius of 0.348 cii. The theoretical diffractive Q

(Qu) of the cavity was 1500 at the fundamental. For cw applicability, the cavity

16
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wall loading was constrained to 2 kW/cm2 and the electron beam was placed to

interact with the second radial maximum of the electromagnetic field. This unique

feature reduces space charge forces in the beam which could degrade efficiency.

The gyrotron operates in a pulsed mode with a pulse length of 1 gsec and a

repetition rate of 4 Hz. Nominal beam voltage and current for the investigation

described by this paper were 64.3 kV and 5 A. The electron beam guiding center

radius in the resonator was designed for 0.182 cm. but adjustments to the gun coils

affecting the magnetic compression yield 0.197 cm as a more realistic figure. These

values are mentioned now, since they are important parameters in the theories

discussed in Chapter 2.

1.3 -- Motivation for an Harmonic Emission Investigation

Harmonic emission from high power gyrotrons demands investigation from

two overall distinct points of view. The first is that gyrotrons designed for har-

monic operation are viable for some applications. The second is that harmonic

emission can produce serious effects on a gyrotron intended for operation at the

fundamental.

ita n i i i rig these in order, Sov iet cx periment aI isls have( desig ied g. rot rots fo r

harmonic operation and achieved impressive results. Analytic theories discussed in

Chapter 2 predict reasonable efficiencies (-20') at the second harmonic for a gy-

rotron operating with the parameters of the present device. The major advanl age

of harmonic operation is the lowering of the magnetic field requirement. Since in

a gyrotron. u - nw, and 6u, - B, going to second harmonic operation effectively

halves the magnetic field required to produce the same frequency. Efficient, high

- Fr
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harmonic operation therefore leads to the possibility of using permanent magnets

at some time in the future.

Achieving high efficiency in high harmonic operation was the goal of three

recent studies. Experiments by Hirshfield 129] on a CRM employing a solid beam

Pierce gun have produced emission at up to the ninth harmonic at wavelengths

from 8 mm to less than 1 mm. The theoretical interpretation presented by the

same author in an earlier paper 130] and supported by these results, is that cou-

pling at the beam boundary excites Bernstein modes on the beam. Lau 1312 has

proposed a device called a gyro-magnetron which has a corrugated resonator wall

similar to a magnetron. Emission would occur predominantly at the cyclotron

harmonic corresponding to the number of vanes in the cavity. A mildly relativis-

tic, annular electron beam would still be employed. Finally, McDermott et al. 132

have reported on a gyrotron with a unique axis-encircling electron beam. Initial

results have produced multi-kW power levels from the eleventh harmonic at 65

GHz.

The second major reason for studying harmonic emission is to understand

its effects on a gyrotron designed for operation at the fundamental. Vnrest rained

harmonic oscillation could possibly damage tube components such as the outpul

window. Mode competition between the desired fundamental mode and parasitic

harmonic modes could result in degraded efficiency.

Finally, megawatt designed gyrotrons in the future will necessitate the use of

highly overmoded resonators. A study of the harmonic emission permits the inves-

19
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tigation of an overmoded cavity. For example, the MIT gyrotron has a resonator

diameter of - 3A at the fundamental and therefore - 6A at the second harmonic.

This paper details an harmonic emission study on the MIT gyrotron. Chap-

ter 2 presents linear and nonlinear theories and applies them to predict the second

harmonic modes that should be excited and their efficiency. Chapter 3 describes

the experimental investigation to identify harmonic emission, measure starting

current, and output power. Chapter 4 discusses the results and offers explanations

for discrepancies between theory and experiment. Chapter 5 considers the pos-

sibility of higher harmonic emission with n > 2 and Chapter 6 concludes with a

summary and recommendations for further study.
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Chapter 2

Theory

All quantitative theories regarding gyrotron operation must consider the cou-

pled problems of the Lorentz force dominated electron dynamics and the electro-

magnetic fields described by Maxwell's equations. The complete solution consider-

ing specific device geometries is quite intractable, even using numerical methods.

Therefore, the major differences in gyrotron theories are in their assumptions and

their degrees of completeness. The linear theory is useful in determining the start

4:,..

of oscillation conditions. The nonlinear theory is required to predict the output
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to as the whispering gallery cavity. Extensive experimental work is planned for

this resonator in the future. The chapter concludes by using a nonlinear theory

to make an efficiency scaling approximation from the fundamental to the second

harmonic.

- Description of the Gain Mechanism -

The radiation producing interaction in gyrotrons can be understood by ele-

mentary arguments using a classical description. The discussion presented here

follows the development in an undergraduate physics text by Bekefi and Barrett

33 . The simplified geometry to be considered is a beam of monoenergetic elec-

trons travelling in helical paths about static magnetic field lines. The electrons

encounter an oscillating electromagnetic field in the resonator cavity, which for

the purposes of this schematic can be considered unperturbed by the presence of

• .- the electron beam.

Eniering the interaction region. the electrons have random phases in the plane

perpendicular to the direction of the magnetic field. The transverse component of

he high frequency RF field in the resonator will tend to accelerate some of the

(,ec1rowis and decelerate others. Variation s iin the field across he Lartnor orbit

are ignored here. so this discussion is only applicable at the fundamental. Those

electrons which are accelerated initially by the electric field will increase in mass

by the relativistic factor ^. The increase in -, will decrease the cyclotron frequency

since , - 1. These electrons will be retarded in phase relative to those not

initially accelerated. Conversely. electrons which are decelerated by the electric

field will have a resultant decrease in - . an increase in y, and therefore advance

22
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in phase. Azimuthal electron bunching will occur, with relativistic mass effects

providing the bunching mechanism.

Simplified conditions for gain may be derived i341 by now viewing the electron

bunch as a single negative charge orbiting at , near synchronism with the RF

field, oscillating at w. If the cyclotron frequency is slightly greater than w, then

after several periods of oscillation the electron bunch will be positioned such that

it is accelerating and gaining energy at the expense of the field. However, if w, is

slightly less than -. then after several periods the bunch will be decelerated, giving

up energy to the RF field. In simple terms, the gyrotron depends on relativistic

electrons for azimuthal bunching and a gyrofrequency such that :' < ": for gain.

This description details the interaction at the fundamental of the cyclotron

frequency. To generalize to the nth harmonic, the finite Larmor radius must be

included and the electron must be perturbed by the field n times in one gyro orbit.

The field may be represented by an nth order multipole expansion and the beam

interacion involves the th derivative of the field. The simplifie(d gain condition

)ecoies , I . ,:,.

The azirnut hal bunching described above is the electron cycloiron maser in-

slability generally associated with CR.\'s. Additionally. there is the possibility of

axial bunching of the electrons leading to what is termed a Weibel-type instability

35 . The axial bunching arises from the Lorentz force interaction between the elec-

trons and the RF magnetic field and is not at all dependent on relativistic effects.

Chu and Hirshficld 36 have shown that the two bunching mechanisms compete

with each other, so thal depending on the particular device, one will dominate. In

23
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an earlier paper, Hirshfield 137] concluded that the azimuthal bunching dominates

in fast wave interactions. Since a gyrotron operates near cutoff, the wave vector

V.. components satisfy

k. > (2.1)

Here kL and kj: represent the component magnitudes of " in the directions per-

pendicular and parallel to the static magnetic field respectively. Thus the Doppler

shift term k,v is small and the fast wave condition

1'k. ->c (2.2)

is satisfied. Therefore the axial bunching is ignored in most gyrotron theories.

It has been shown :38' by similar arguments that the electron beam interacts

with TM modes with substantially lower efficiency then with TE modes. For this

reason, TM modes are generally not considered and will not be discussed in this

paper.

- Definitions of Q and r7

It is useful at this point to introduce some parameters which appear through-

oul C? l theories in poxm er balance rclat ionships. The diffract ivc Q (Q ,) is related

to .he slored energY ini the cavit (V) and the RI Foutput power (l), N )

- .(2.3)

Since some energy is extracled by ohmic losses, a similar relationship exists be-

2.p:tween the ohmic Q (QC11 ) and the power that is used in wall heating (PR,.h).

The overall quality factor (Q) includes both diffractive and ohmic losses.

-i. . 1(2.4)
*Q Q, Q1.11

24
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The output efficiency q/ of a gyrotron is defined by tj Put/Pin where Pin

represents the beam power given by Pi, IV,. Here I is the beam current and Vc

the cathode voltage. As with the Q factors. consideration of the fact that some

of the RF energy heats the walls instead of travelling out the waveguide leads

to the definition of the electronic efficiency qe . Both power loss mechanisms are

included in 7e, by the expression 17, =(Put Pchn)/Pi11 . The output efficiency

may be written in terms of 77,t by

Since onhl TE modes will be considered and the static magnetic field can do no

work on the electrons, only the perpendicular velocity (vi) of the electrons can

contribute energy to the field. The parallel electron velocity (v,,) remains constant

throughout the cavity to the extent that the RF magnetic field may be ignored.

The final efficiency to be defined, mj. accounts for the fact that only the transverse

",aniI energv may be converted to electromagnetic field energ\. Elualion (2.6)

(xpreves he relationship between ij,, and i/

~1~ j
As a final set of useful definitions. the normalized velocities are 3 -- I- c

an( ] v c. They are related to 3 introduced in Chapter 1 by 32 -- 32 - 32.

The relativistic h written in terms of 3 in equation (1.3) may be calculated by

-.' : -- 1 (2.7)
-,- 511

*l when V,. is in kilovolts.
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2.1 - The Electromagnetic Field Structure in an Open Resonator

All of the theories to be considered require some knowledge of the RF field

structure in the cavity. The complete solution of this problem in actual gyrotron

operation involves a coupled system of equations relating the perturbing effect

of the electron beam on the cavity fields and the RF field effects on the particle

dyramics. A reasonable first approximation is the cold cavity electromagnetic field

solution disregarding the presence of the electron beam. The CAVRF computer

code 39 developed at Il Naval Research Laboratory provides such a solution.

The gyrotron resonator is basically a section of irregular waveguide aligned

with the magnetic field. The solulion to Maxwell's equations without source terms

in a perfectly conducling. nonuniform waveguide had been considered previously.

but Vlasov et a]. .0; provided an approach specifically applicable to gyrotrons.

In 39. Fliflet and Read continue with this development. rederiving the applicable

equal ions an(l discussing the numerical methods employed in creating the CAVRF

prograin.

In outlining the CAVRI? solution lechnique. the longiludinal axis parallel to

111 MagtliC field l \i te 1 z-direction. The longitudinal profile function of lhe

field f. (::) sali -fie,. the one dimensional wave equation

dIf ', z)f.. 0 (2.8)

In equalion (2.8). ;. is the complex equivalenl to k andthe t "s- subscripts denote

that the quantities are mode dependent. The radiat ion boundary conditions which
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ensure that the fields are decaying exponentially in the cutoff input section of the

cavity and are travelling waves in the output section are

- Ki 0 and [ + i0f] 0. (2.9)
Z=Zi,, 2=Z,111

Here zi, and z,,t refer to the coordinate positions of the input and output ends

of the cavity.

The solutions to equation (2.8) with the boundary conditions (2.9) yield com-

plex eigenfrequencies. The real part of the eigenfrequency is related to the actual

frequency of radiation (v) in the standard manner.

Re'
. .... R w(2.10)

27r

The imaginary part can be used to determine the diffractive Q of the resonator

by the relation

-Q'D' Re (,.
2(Ir w)

The CAVRF program separates equation (2.8) into real and imaginary parts

and iumcricaldl\ inlegrates the resulting pair of coupled second order differential

(quallwi o. The eigcn'requency is found by\ anl ilcra ive procedure based on Ihe

me1(0hod of steepest descent. The code requires the actual cavity dimensions as

. inputs and yiclds frequency. diffractive Q. and the magnitude and phase of f as

a function of z.

Application of the CAVRF Code -

Figure 2.1a shows a plot of the normalized field magnitude as a function

O. of cavity length using an actual CAVRF output. The result depicted is for the

27
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TE 1 ,2 ,1 mode using the 0,3.1 cavity dimensions. Since this cavity was designed

to oscillate at 140 GHz in the TE1,3 .1 mode. it has a frequency of 241 GHz in the

TE, 1 ,2.1 mode. Superimposed over the field magnitude plot are straight line seg-

ments representing the 0,3,1 cavity radius as a function of z. The radial dimension

scale on the right is not the same as the longitudinal scale on the horizontal axis.

The CAVRF code remains sufficiently accurate only for resonator cavities

which have a smoothly varying radius along z. Abrupt changes in the cavity radius

violate the "weakly irregular- condition which permits separation of variables in

solving the Helmholtz equation. Both the 0.3.1 and whispering gallery cavity

profiles should satisfy the smoothly varying stipulation. The downtaper on Ihe

input end is 0.15 for the 0.3.1 cavity and 0.5 for the whispering gallery cavity.

Both resonators have output uplaper angles of 4.

The data presented in Tables 2.1a and 2.1b was generated by the CAVRF

code. Table 2.1a represents all the possible TE,,,. modes which could oscillate

ai lIhe second harmonic between 4.0 and( 6.0 tesla in the 0.3.1 cavil\. Table 2.11)

includes all the second harmonic TE,,,. modes in the whispering gallery cavil

ox er t lie same Iiagnetlic field range. using the TrE,,.,. q notation, only q I mlodes

%\ere considered. Temkin 41 has shown that Q, - q ' for high Qp) cavities. so

higher axial modes (q - 1) would have su bslantiall reduced diffractive Q's. It will

be evident later in this chapter that these lower QD modes will require significantly

higher beam currents for the start of oscillation condition and will produce much

lo\%er efficiencies. In the overmoded cavities under consideration, these higher

order q modes shoul( nol be present.
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Table 2.1a - 0,3,1 Cavity w 2w, CAVRF Results

MODE FREQUENCY (GHz) QD k1 (cm-)

TEI,6.1 203.72 3310 1.537

TE 1 3 ,1 , 1  
204.61 3350 1.538

, TE 6 ,3,1  209.26 3510 1.545

TE9,2,1 209.51 3520 1.545

TE 4 .4,1 218.78 3870 1.559

TE 1 4 , 1 218.94 3880 1.559

TE2. &. 224.03 4080 1.566

TE1o,2,1 225.40 4140 1.568

TFo.5.1 225.71 4150 1.568

TE 7 .3,1 226.52 4180 1.569

TEs, 1, 233.24 4460 1.578

TE 5 ,4,1 237.24 4630 1.583

TE 11, 241.17 4800 1.587

TE 8 .3.1 243.55 4910 1.590

TE3.5.1 243.75 4920 1.591

TE .6. 246.86 5060 1.594

TE 1 6 .1, 247.51 5090 1.595

TE 6 ,4,1 255.37 5450 1.603

TE 2.2.1 256.84 5530 1.605

TE 9 .3 n 260.39 5700 1.609

-- TE17 1n 261.76 5770 1.610

TE 4 .S 263.01 5830 1.611

TE2. 1  267.35 6040 1.616

TE 0 .61 268.76 6120 1.617

271TE2, 2 1 ..I 6310 1.621

TE7 A.1 273).2 1.622

TE 8 s, 275.99 6490 1.624

0 TE1 0  1 277.07 6660 1.625

TE. s. 281.89 6820 1.630

287.3,, 7120 1.635

TE14.2.1 2.92 7140 1.635

TE1 7.1 289.95 7260 1.637

TE19. n. 290.20 7280 1.637

TE 8s4 290.84 7320 1.638

" TE,1,3,1 293.60 7470 1.640

, TE 6 r. 300.46 7680 1.652

O TE 15, 2 , 303.35 7690 1.660

9•-
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Table 2.1b - Whispering Gallery Cavity w z 2w, CAVRF Results

MODE FREQUENCY (GHz) QD k, (cm-')

TE9,1, 203.52 689 2.306

TE 3 .3 1  215.53 755 2.350

* TE, 4 1  222.35 798 2.375

TE 6.2 . 222.90 796 2.377

22TE o,, 223.58 804 2.380

TE 4 .3A 240.82 909 2.436

243.56 926 2.444

TE 7 ,2 , 245.56 936 2.449

TE2 .4. 1  25(0.07 962 2.462

TEo.4,1 252.97 981 2.470

TE1 2 1 ,, 263.48 1050 2.500

- TE 5,3,1  265.53 1070 2.50.1

TEa 2 267.96 1080 2.511

TE3 .4. 276.86 1140 2.332
TE 1  5 282.12 1180 2.5.15
TE-1" 1 2 83.3 5 1180 2.51

" TEc, ,3. 289.78 1230 2.5(I

TE 9 .2,1 290.13 1230 2.561

.j
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The possible modes for the given magnetic field range were found by scaling

Vmp from a fundamental mode where vmp represents the pth root of J,() = 0.

Here Jr(x) is the derivative with respect to argument of the Bessel function of

order m. The cavity dimensions required as CAVRF input values could not be

measured to the desired accuracy, so the CAVRF output frequencies for the second

harmonic modes were scaled by the ratio of experimentally measured frequency

to CAVRF frequency of a known fundamental mode. The accuracy of the ex-

perimental technique discussed in Chapter 3 allowed five significant digits in the

scaled CAVRF frequencies tabulated in Tables 2.1a and 2.lb. Since QD was not

determined experimentally at the fundamental with sufficient accuracy. the direct

CAVRF output values of Qp at the second harmonic are presented in the tables.

-Using CA VRF for the Gaussian Approximation to f(z) I
The final columns in Tables 2.1a and 2.1b are labelled k., which represents a

pararieter required for theories discussed later in this chapter. The field niagni-

tide profile plotted in IFigure 2.1 resembles a (aussian function with some degree

of i niagiriat ion. This Gaussian approxirriation is used in several tleories )\ sub-

't it iII jug the fuctlion

f(.) c~ (2z L,) (2.12)

for the actual cold cavity f,(z) solved for b.% (.AVRF. ]|erc L,,ty represents the

effective cavity length. or the full width of the Gaussian function at the 1 c point.

This is related to the tabulated value of k b\

4Lt 2 k (2. :
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The mechanics of calculating the k, values involved running CAVRF with

975 data points along the z-axis for sufficient accuracy. The highest three field

magnitude values and corresponding z-coordinates were locally fit to a parabola to

determine the maximum point and its z-coordinate (Z1 :,x). A parabola was then

fit to the three points closest to the 1/ e value of the maximum on the input side.

and the z-coordinate (z1 ,j)was determined. The input side was used because the

efficiency is known to depend strongly on the RF field profile on the input side and

only weakly on the profile on the output side. The value was then calculated

k ... . . . (2.14)

This value is close but not necessarily the same as the parallel wave number

k expressed as

k C 2. k2  (2.15)

Ini 1\-pical cylindrical resonator geometries.

=4

i ru r is tI (avi \ radius . This iniplies k is a lunclion of . ssown in

ligure 2.1. the fields are generally confined to the straight. central region of the

.cavitx. In practical calculations of k . it suffices to use the straight section radius

in equation (2.1(;). The condition k k implies (k c 2) ' k . For

I-is reason, equalion (2.15) is not very useful unless (.,: c) and k are known to

tirealistic accuracies. The p)arael(er k described al)o\e actualh l pro\'id(es a more

933
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reasonable estimation of kj!. Unless stated otherwise in this paper, k, will be used

whenever a value of k,, is required.

The CAVRF results provide an adequate starting point estimation of the

% electromagnetic fields in the resonator. However, gyrotron performance theories

require consideration of the energy exchange between the electrons and the fields.

The linear theory will serve as a first step in this regard.

2.2 -- The Linear Theory of the Gyrotron

To define the linear regime of CRM operation. the electron beam current

density .1 is in general not only the unperturbed beam density J,. but a sum of

lerris describing the coupling between the beam and electromagnetic fields. Thai

i. .1 -2( ) ()... where S is the field amplitude

arid C a unit vector in the direction of C. For small field values, the second order

and higher terms may be neglected, reducing Jto terms linear in E. Using the

output power relation P,, ,t - e'. , it follows that in the linear limit. ?I .

The small field amplitude condition restricts the range of applicability to the

.hreshold of mode oscillation. The primary application of the linear lheory is

h( 1( u Ii Id rilon of' t le start ig current i r which is t he linimnum heam current

. r,,quired for mode initiation. This allows t he determination of which modes should

I), eXciled at a specific set of experimental operating conditions including beam

current /. 'at hode voltage V,. and magnet ic field value B. The utility of the linear

-O

theory is enhanced because it generally results in analytic expressions, as opposed

to Ilhe ionlinear 1heorv which niist be solved numericallv.

9-.
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There have been a number of formulations of the linear theory, differing

mainly in their scope of applicability. In 1965, Hirshfield 371 developed a the-

ory for the TE, 1, 1 mode at the fundamental. Chu's treatment !421, restricted to

the azimuthally symmetric TEC,pq modes, extends the theory to cyclotron har-

monics. Temkin et al. 431 derived an expression for L.- at the fundamental for

arbitrary TEn,l q modes. All of these methods assumed a sinusoidal longitudinal

distribution of the RF field. The most comprehensive Soviet investigation was

" performed by Petelin and Yulpatov 144,, but a particularly simple yet meaningful

expression was reported by Gaponov 45 which will be used extensively later in

0 this section. The Gaponov equation assumes a Gaussian field distribution and

yields 1-. at the magnetic field value corresponding to the minimum L..

S". -. This section will outline the development of the linear theory as formulated

by Kreischer and Temkin '46'. Their treatment encompasses all TE modes in-

cluding harmonics. and any longitudinal field profile. Additionally, an arbitrary

_'-'2j (list ri1)1tion of electron velocities may be included. In the at)propriate limits.

. heir expressions reduce to those results cited earlier. This %Nill be demonstrated

cx'xplitiv ii t He case of the Caponov equali .

Description of the Lirn r Analysis
0

several assumptions are necessarV in the Kreischer formulation of the linear

1 lueorv. These include the same condition required by CAVRF that the cavity

radius be slowly varying along the z-axis. The electron beam should be weakly
relat ivist ic. since th(, theory only ret ains the relativistic factor in the denominator

of '. Spac' charge effects are neglected as is the interact ion between the elect ron.

35
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and the RF magnetic field. This latter statement eliminates consideration of axial

bunching and TM modes as discussed previously.

The derivation is based on the combined Vlasov and Maxwell equations

as a foundation for describing the beam and electromagnetic field interaction.

Maxwell's equations are solved by a Slater expansion of the fields in terms of or-

thonorrnal modes. When the cavity is at equilibrium, the power balance equation

may be written

~ReK d:i rj. (2.17)

Where ,, represents the time independent Slater expansion coefficient for the mode

0,. Ih( ".," subscripts on .Q. and 6 indicate that the' are also mode dependent.

This equation follows from the total Q generalization of equation (2.3). In this

case the stored energy U -(c P2 /2) and the total power extracted from the beam

is the interaction integral -7" f, . .Since (2.17) is applicable at equilibrium, it

is representative of the oscillation threshold condition.-. Solving the equation for

thre current yields I-T"

The Vlasov e(luiation i, liewarized iii erins of tle fields arid elect ron distribhi-

I ion hr 11cl iol. The Zero order e(Iititl lon i" sr lbt ri'l ed from le 1 pert utrbed eqiat loll.

and the resull ing expression is solved for tile pertulrbed elect ron distribution func-

tion fj b\ the method of characteristics. The .1 in equation (2.17) may then be

solved for bi tle equalion

-e/da&ti\'fi() . (2.18)

36

.,

.:



The integration in equation (2.18) is over velocity and N is the spatial beam

density. The general interaction integral that results from these calculations is

quite complicated, involving several geometric factors and functions which are

determined by the longitudinal field profile. The general expression will not be

-. presented here.

The derivation at the fundamental assumes that the electron interacts with

the field value at the gyrocenter. To extend the theory to include higher harmon-

ics. the field value on the Larmor orbit must be used. To accomplish this. the

scalar potential is expanded in terms of four coordinates. These are the cvlin-

* drical coordinates azimuthal angle and radius (r,) of the guiding center, as well

"' '- as the phase and Larrnor radius (r,.) of the electron about the gvrocenler. The

transverse field is then determined from the scalar potential and the rest of the

derivation remains the same as for the fundamental. Again. the general case will

not I(, shown. hut instead the specialized result for an infinitely thin. azimuthally

11in111Hri( . annular electron beam with radius r, is present(ed.

• ..: . : p _, ,, l 2i'  (d~l,(k rL))\ 2

k- 2 (; , d(k rj

71 .. I

I S. (2-19)

In eqiuation (2.19). is the unperturbed electron distribution. ' is the average

parallel velocity and all of the mode subscripts have been dropped. The funct ion F,

depends on the longitudinal field profile function f(z) and may be calculated in

V
terms of the Fourier transform of f with the independent variable .r. This x is

.
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known as the detuning parameter and is a measure of the off-resonance condition.

Explicitly, x is defined by
nwa~ -. ,,

X k (2.20)k;,

and it may be considered a normalized value of B.

The GD factor measures the effectiveness of the interaction between the elec-

tron beam and the fields. It is evaluated as G) J,(k;r,). The "±" sign

is necessary because there is a double degeneracy in the modes with azimuthal

mode index in 4 0. This corresponds to two senses of azimuthal rotation of the

mode. There is a lack of symmetry in the problem due to the specific direction

of rotalion of the electrons about the magnetic field lines. Correspondingly. 1he
Bessel function values of J2 -(k-r) and 1_(k r,) max differ greatly yield-

ing significantly different values of L.,. The degeneracy is not resolved in the

azimuthally symmetric (m = 0) modes which are standing waves in the azimuthal

direction. Mathematically this is realized by Jd,(k r,) J 2 ,(k r.). thus yield-

ig ihe same 1', regardless of sign.

Derivation of the Gaponov Result

V.n) arbirary disiribution of' \clocitics Tta\ h I trealet litill ualimtl (2.19) i,\

specifying f,. In the case of no velocity spread. f ecomes the delta function

I ,,)7(-i' ,v r ). and i 7. The integral inl the denominator

of equation (2.19) may now be evaluated.

--- ., r, )(2.21) ]
k['7c ) dx ] ,,(-,,-.1Q 2 ,',k : dl", ' . "l r
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Equation (2.21) is now appropriate for a gyrotron magnetron injecton gun produc-

ing a perfectly thin, annular electron beam with no velocity spread. To proceed

further, the longitudinal field distribution must be specified. By assuming the

Gaussian function for f(z) from equation (2.12) and evaluating the expression

above at the x value corresponding to the minimum LJ-, the Gaponov equation

* 45 will result.

As shown in 46 . the stored energy P 2 for a Gaussian profile ism2
.p 2 ____ - m~ .I- (L.,,,.) (2.22)

2k 2  V "11

* Spe)cif\ ing a G(aussian also determines F, and its derivative wili respect to x.

"- 2) -  dF0  ( (2.23))
2 dx 2

)ropping the "" subscripts on t,, and v,, and substituting in expressions (2.22)

andl (2.23). the equation for ' T becomes

I~r k 1? L kr 2  2 rn 2~v,

.Kd,, ( ) k r,)

".'V " ," ;' . ) d "(k r,.)

'Ill( ipproxi IIalioli a pplicab hI to gvrolrois, A" 2 k"- and w' , n,., permit the

-1 -,Ii lit ,io k r, :: u.3 . The suiall argurrent approxiination for the Bessel

hi "t icion inay be used in 1 he weakly relalivislic limil to yield

(I., (k r (d.1, (1 7 n. " s( "")\)

-dk rd( 0. () 2

4
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As discussed in Section 2.1, for the Gaussian ki k1l Leff/2. This relationship

with the near cutoff and near resonance approximations allow

2k 2  !- k Z and (nvc ll(2.26)

jL 7 (Leff) (kli i

Prior to making these substitutions, the normalized cavity length p and the beam

interaction term G will be introduced. These definitions appear in numerous Soviet

papers including 8- and i45'.

:3- 2 L~ff\q~7 "14- 7r A - (2.27)

J2, -,(k "G' - . ., (2.28)

-'-- sing equations (2.25) -(2.28), the expression for JIT becomes

J T NF2-7r(2.29)

-2 2

Thl'e detuning value which produces the minimum starting current (x,,i) is

,ie ( ;i ned b\ taking the derivative of equiation (2.29) with respect to x an(1 selting

ii c(pliI to zero. ""w re.,1iltjig value is given by

z,,,,, \: - 1 .(2.30)

- Only minor cosmetic changes remain to convert (2.29) to the exact form of0O

the (aponov equation. These include defining "x Gaponov- (X,) as

-- , ) , \401

.'-*-,4 0
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and multiplying numerator and denominator by 10- 3. Evaluating the numerical

factors and physical constants in MKS units yields 2.16 amps when multiplied by

the 10- 3. It appears that Gaponov combined the 2.16 and -y to get 2.3, which

is accurate at V, ; 32 kV. The following equation is the Gaponov result with

definitions (2.27), (2.28) and (2.31).

(2.3) 2
11T(A) (3(2.32)

10-I3) (ht (2j)() t 'Ge -~

n! 2

Application of the Linear Theory

The denominator of the expression above contains the total Q, which may be

calculated by equation (2.4). The diffractive Q is obtained from the CAVRF results

of Tables 2.1a and 2.lb. Equation (2.33) below yields Qh. for the cylindrical

geometry resonators under consideration.

r, - m2  
(2.33)

H-ere r, is the radius and 6 the skin depth of the conducting cavity wall. To

present order of magnitude examples of Q.,'1,, for the 0.3.1 cavily. tlic "'vohlume"

modes (radial mode index p 3) all had Q,,),, 20.000. The TE,,, modes

with mn p - 2 had Qhm 16,000 and the whispering gallery modes (TE,,.j.

wit h t t.- 1) had Q -7,-, z 6.000. These values of Q(1, combined with the values

O of Qj, ranging from 3310 7680, imply that with the possible exception of the

whispering gallery modes with p = 1, Q ;z. Qjr. This serves to justify the previous

neglect of higher order axial modes since I., Q ;z= Q , q2 . With the given

" 41
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range of Q values, TEm,p,2 should have approximately four times the starting

current as TE,,P,1 .

All of the factors appearing in equation (2.32) may now be calculated by

the data produced from CAVRF and the specific experimental conditions. The

frequency and ktu from Tables 2.1a and 2.1b yield Leff and A. An operating voltage

of , = 64.3 kV and the MIT electron gun design value of (3, /0.) = 1.49,

produces (3 = 0.383 and 0,1 = 0.256. These values permit the calculation of p by

equation (2.27) and x. by specifying the harmonic number n - 2 in equation (2.31).

The frequency from CAVRF also appears indirectly in the calculation of Q, by

the v- dependence of the skin depth 6 appearing in equation (2.33) for .

The remaining factor in the Gaponov equation (2.32) is the beam interaction

parameter G defined by (2.28). The k in the argument of the Bessel function

in the numerator of (2.28) is determined by equation (2.16). The specific wall

radius values used were r,, = 0.348 cm for the 0.3,1 cavity and r, = 0.250 cm

for the whispering gallery cavity. Both cavity calculations used a beam guiding

(-enter radius of r, 0.197 cm. The degeneracy in G discussed earlier for Ihe' non-

azimuthally symmetric modes requires an additional terii in t l de h, notation.

In this paper, TEn q(+) refers to the positive sense of rol at ion and therefore a G

calculated with J',+n(kj re), while TE,,,.,q(-_) is the opposite with ( resulting

from .12 ,(k rj. The azimuthally symmetric modes will remain TE,..

Starting currents were calculated by equation (2.32) for all the modes listed

in Tables 2.1a and 2.lb. The results are depicted in graphical form in Figures 2.2a

and 2.21, and the actual values are listed in Tables 2.2a and 2.2b.
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Table 2.2a 0,3,1 Cavity u ) 2w, Starting Currents

MODE B (tesia) Qf/ IS ST (amps)

KTE 1 51+ 4.054 2910 8.845 1.4

T11,- 4.072 2120 8.876 41.

TE6 ,3 ,1 ( ~ 4.165 3000 9.035 1.1

TE,,()4.170 2880 9.044 0.72
TE4 ,4,1 (4 ) 4.356 3320 9.364 2.1

TIE14,1 1 .. ) 4.360 2312 9,369 83.

TE2 , 1 (+) 4.462 3500 9.545 1.1F
4.489 3280 9.592 0,66

TEo. 5. 4.496 3560 9.603 1.9

TE7,3 .1 k 4.512 3480 9.630 1,2

TEs,5  , 4.647 2500 9.861 110.

TE5 4.( 4.727 3870 10.00 1.1

TE12.0 4.806 3680 103.14 0.66
TEJ-4.854 39 70 10.22 1.3

TE3 ,5,1f 4 ) 4-858 4120 10.22 1.1
TE,,()4.921 4240 10.3 3 5.6

T,,,- 4,934 2680 10.35 180.

TE6 .4 .1 (+) 5.092 4440 10.62 0.68
TE 1 2 .2 1 ) 5.121 4090 10.68 0.71
TE.." Tabl 5.193 4480 10.80 1.5

TE 1 7 , 1  5.220 2850 10.85 NO.

TE4, (1 5.245 4760 10.89 1.5

TE56, + 4.13)2 440 11.04 1.1

TE,,2 It 434 180 11.21

TE 7,4, 1 5450 5320 11.34 2.1 5

TE811)5.506 30(3( 11.34 660i!)
TE 1 0 ,, 1  5.528 .360 11.37 1.7

" TE5,5,( 5.6.25 5420 11.54 0.7

TIE 3 6,1-) 5.794 56380 11.73 0,75

TEo. 5. 7 46 4913 11.75 (,97

TE 1 ,7 .11  5.787 5780 11.82 0.77

TE 4 I ~5 4.792 3150 11.83 890.

5.TEs.4. 5.84 5630 1 I.3 0.41

TE11,3.1(- 5.864 55680 110,35 !0.76

TE 6 .5 1 + 5.998 5970 12.1 0.72

____,_ 5.__4_.7
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Table 2.2b Whispering Gallery Cavity 2w, Starting Currents

MODE B (tesla) Q Lef /A IST (amps)

TE 9 .1,n(-) 4.029 606 5.887 4.0

TE 3 , 3 l) 4.270 722 6.118 11.

TE .4.1-) 4.407 764 6.244 15.

TE 6 2. 1 ( . 4.418 751 6.257 6.1

TE 0 .1l(- 4.431 693 6.266 3.6

TE 4 3.- 4.777 863 6.596 8.6

TEII,1,1(- 4.832 780 6.648 3.4

TE7 ,2 .1 (+) 4.873 875 6.690 5.3

TE2.4.1(-) 4.963 915 6.776 9.0

TEo,4,1 5.021 933 6.832 11.

TE12,1,3 5.232 866 7.032 3.3

TES,3.1) 5.274 1000 7.075 8.4

TEs,2 ,1(+) 5.322 1000 7.120 4.7

TE 3 ,4 ,() 5.501 1080 7.296 8.1

TEI,6,1( 5.607 1110 7.396 7.5

TE,, 1 1 -) 5.632 952 7.420

TEc 3 .1H) 5.761 1150 7.550 10.

TEg,2 .1(-) 5.768 1120 7.556 4.3
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In the figures, each vertical line represents an individual mode plotted at the B

field value corresponding to Xmin. Equation (2.30) determined xmin, and for all

modes the value of xin -1.1. This is a result of the one under the square

root sign being the dominant term since p >> n. The xnin value is converted

to B by equations (2.20) and (1.2). The vertical axis has an inverted log scale

so the modes with the lowest starting currents appear as the longest lines. The

horizontal dashed line represents the experimental operating current of 5 amps.

Modes extending above this line should be above threshold. Space did not permit

labelling each mode. but correlating the B and L, values in the accompanying

tables allows individual mode identification.

The values presented in Tables 2.2a and 2.2b include the two parameters Q

and Lrff, A which were used in equation (2.32). The accuracy in the starting

current calculation limits the tabulated values of .1T to two signigicant digits. Only

one sense of mode rotation is listed in the tables. Values of 1.T were computed

for both "(-)" and "(- )'" modes. the result appearing in the tables representing

the mode with the lowest 1.T. Generally the two calculations yielded values which

differed by at least an order of magnitude. The mode with the higher 1. T would be

in the excitation range of the mode with the lower starting current, and therefore

the higher L, mode should not be present. The 0,3,1 cavity TE1 ,,1 was the only

mode with the same "(+)" and "(-)" L T values to two significant figures. The

fourth digit resolved the issue in favor of the TE 1.,) mode, but it would not

be considered a reliable distinction.

I
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Examination of Figure 2.2a reveals the overmoded nature of the 0,3,1 cavity.

There are 36 modes with B(xmin) values between 4.0 and 6.0 tesla. Of these,

28 modes are predicted by the Gaponov equation to be above threshold. The

-- exceptions are the whispering gallery modes, with starting currents ranging from

41 to 890 amps, and the TEl,6 ,1(+) with I, = 5.6 amps. There are 14 modes

*. '* listed with a predicted starting current of less than an amp. This would point to

the possibility of TErn,,,.2 modes by the simple scaling of Q values. but the mode

density is prohibitive.

N-1 By contrast, the whispering gallery cavity spectrum is fairly sparse as seen in

-" Figure 2.2b. This was a design consideration to reduce mode competition at the

fundamental. The reduced wall radius limits the number of possible modes to 18

in the 4.0 and 6.0 tesla range. Only seven modes appear above threshold on the

plot, those being the whispering gallery modes and two other "surface" modes,

the TE 8 .2 .l( ) and the TEQ,2 .I(+). The range of L, values is much more limited

in this case. with the lowest starting current belonging to the TE]3 ., 1 with 3.2

amps. and the highest starting current corresponding to the TE 1 .4 .1 at 15 amps.

-2-" Alt hough the clean spectrum would appear to allow q I mitodes. 1he higher

.- ,: starting currents eliminate the possibility. Scaling the TV12 .. to the TIV:. 1 .2

yields L, T 12 amps.

The misleading aspect of Figures 2.2a and 2.2b, is the representation of each

mode as a delta function in B. In reality, each mode may be excited over a range

of B as predicted by equation (2.29) prior to specifying x =xmii. There are

* actually large regions of mode overlap. The B value in Figures 2.2a and 2.21)
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at Xmin is representative of where the mode should be found experimentally. but

this is not precisely accurate. The Xmi n does not coincide with optimum efficiency

which will be discussed in Section 2.3.

The final consideration of the linear theory will provide a more reasonable

view of the mode spectrum. This is a computer code developed by Kreischer [471

which provides plots of starting current values as a function of the magnetic field.

The program is based on the formulation outlined in this section. restricted to

the thin annular electron beam with no velocity spread. An arbitrary longitudinal

profile may be chosen and the code allows for higher harmonics. Equation (2.21)

is evaluated over the desired range of x after f(z) and it have been specified.

Figures 2.3a and 2.3b are the linear code computer plots of the second har-

monic 0.3.1 and whispering gallery cavity spectra over the 4.0 to 6.0 tesla range.

The vertical scale is now linear from 0 to 10 amps. The Gaussian field profile was

chosen and n- 2. To satisfy the computer program input requirements in con-

sidering all possible modes, some averaging of several equation parameters such

as Q.,i, and Lft was required. This procedure and the approximations made

in the derivation of the Gaponov equation account for the minor I..r differences

beltwecii Figures 2.2 arid 2.3.

The broad range of Miode excitation is now evident for the 0.3.1 cavitv in

Figure 2.3a. Again space on the plot did not allow naming all of the modes. but

several of the more isolated and lower starting current modes are labelled. As an

example of the discussion concerning the domination of one rotating mode over

the opposile rotation, both the TE,4.( ) and TE.4,1() modes are shown at

49
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about 4.35 tesla. The TE 4 ,4,1(-) lies within the TE 4,4 ,(-+) excitation range at a

higher IT, and should not be experimentally evident. This consideration is ap-

plicable to a limited extent between adjacent modes, although mode enhancement

or suppression by adjacent modes was not considered in the single mode analysis

presented here. Likely examples of this phenomenon are the TE6, 3 ,(-) and the

TE(,,,](_) which are the unlabelled lines lying within the TE9,2,1(-) excitation

zone at about 4.17 tesla. As a first approximation, the TE,.3, 1 mode would not

be expected to appear. though it is shown above threshold on Figure 2.2a.

The whispering gallery plot shown in Figure 2.3b again shows the reduced

mode excitation spectrum. The seven modes predicted to be above threshold by

the Gaponov calculations are shown as well as the TE 7 ,2, 1(). The discrepancies

between the starting current values in the figure and the values in Table 2.2b are

accounted for by the parameter averaging procedure which was used to produce

computer plots of I., for all the modes on the same graph.

The mode excitation calculations presented are the most useful aspects of

the linear theory. However, theoretical predictions of efficiency and output power

require the nonlinear theory applicable beyond the "- regime.

2.3 The Nonlinear Theory of the Gyrotron

Gyrot ron operation at optimun) detuning and current is generally well beyond

the limits of applicabilil for the linear analysis. Realistic estimates of output

power depend on a nonlinear theory.

The slow lime scale analysis is based on the work of Soviet theorists. The "-

general derivation is out lined by Flyagin in 4 although the formulation appeared
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earlier in [71. The theory leads to two dimensionless coupled differential equations

*relating the particle dynamics and the electromagnetic field. The equation de-

N. scribing the electron motion in a combined RF and static magnetic field in the

weakly relativistic limit is credited to Yulpatov in several Soviet papers includ-

ing ;49]. B. Danly of the MIT Plasma Fusion Center rederived the equations in

terms of the Soviet parameter definitions. His development is reconstructed in the

following subsection.

The difficulties inherent in the nonlinear analysis necessitate a single particle

approach. This is equivalent to a delta function for the electron velocity distribu-

tion function as discussed in the linear theory. Other restrictions include a weakly

relativistic beam, again only retaining the - in the denominator of the cyclotron

frequency. Additionally, space charge effects will be neglected.

- Derivation of the Slow Time Scale Equations -

The coordinate system remains the same as for the CAVRF description, with

the z-axis aligned with the static magnetic field and the gyrocenter as the origin

in the x-y plane. The Lorentz force equation for an electron in the RF and static

magnetic field is

--~ - -e (t i)] . (2.34)

This equation is separated into perpendicular and parallel components with respect

to the z-axis. Neglecting the RF magnetic field. the B in equation (2.34) represents

the static magnetic field only. The electric field component S= 0 for TE modes,

"3
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so the parallel component equation yields pl = constant. The equation describing

motion in the transverse plane is

-- c y x e, (2.35)
dt

where 5 _ is the nonrelativistic perpendicular momentum miFL. The position and

momentum vectors may be written in terms of complex variables R and P defined

iP

p_ - P - p _c' :  and r - R -- r -  
z z 2 - . (2.36)

?fl e ~c

The 7 -2 phase difference between R and P is representative of the circular motion

about the gyrocenter. The perpendicular equation of motion (2.35) is now written

ap
at ZCP = -et (2.37)

The fields must be converted to a complex notation. With the condition of a

slowly varying radius along the z-axis condition, the fields are separated into

longiludinal and transverse components by &(xy,z,t) - Re [f(z)E(x y)ei t1.

For TE modes, the transverse field cornponents (E) are derivable from the scalar

E. . . V .. where 41,. satisfies V 2 'l... - k 2 
%, :- 0 (2.38)

The function 4/. may be expanded in a Fourier series in terms of an angular

variable 0 about the axis of gyration.

w (r) c (2.39)
5
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Using Flyagin's notation, the part of the field moving in synchronism with the

electron and therefore interacting the most efficiently is E,,,,nh which rotates at

the nth harmonic of w,.

Esynch = X V91'n (2.40)

Here the *n is given by %P, =ne - i n which may be expressed as

T, - A,r' e- O A,(R-)n (2.41)

The R in the equation above is the complex position coordinate defined in (2.36).

The field phase 0 measured from the x-axis may coincide with an arbitrary initial

electron phase 7 , 2 because there will be an ensemble average over O in the

efficiency determination. The complex form of the equation (2.38) combined with

equalion (2.41) yields

E,,nh -iV-V -iAnV(R ). (2.42)

The goal is to find an applicable complex form of (x, y,z,t) written as f(z)E'et .

\Vii 11 f(z) real. E. must be chosen io satisfy the following two conditions which

lead- Io lhe staled rem ii.

* . f z1?E' -1 E '.. .i. - - iAn(R)" -1  (2.43)

Q f(z)lRm(E.'e1 ' ) J

\rit ing the position variable R in terms of P by the relation (2.36) and substi-

luting in for -c" on the right side of equation (2.37) produces the equation

il' el"A - ) f i~ott~.~-~.),,_A N  P " f[i~ (2.44)
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The complex momentum P may be converted to the slow time scale momen-

tum p by the relation
P P

p (w/ n)(2.45)

Combining this with Flyagin's definition of

(ec)nn (2.46)

yields the slow time scale equation

- --- c (P= ,f. (2.47)

0 The equation is written in dimensionless form by converting to the dependent

variable q and the independent variable ; defined by

q" P and I WC z (2.48)q p(o). v:'

The dirnen:ion less q represents the momentum normalized to its value at the start

of' 1he interaction region. All of the '"(,)" superscripts indicate the parameter

ialic prior lo the interaction. This is a necessary distinction since -7 is changing

-: Ii jhglihout he cavity. The normalized longitudinal coordlimat( c is relaled to p

defined in equation (2.27) by (z!Leff)p.

.quat ion (2.47) in terms of these dimensionless variables is

,rhq(2- o( nl q - f q. (2.49)
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The bracketed term on the left side of equation (2.49) may be simplified by the

following approximations and the definition of the Soviet detuning parameter A.

'Since Pl is constant, -y(°)/3( 1 / 3 . The weakly relativistic approximation com-

bined with w nwc allows

[,,2 (
-(o)- w4 A + q12 _ 1 . (2.51)

The A is a measure of the off resonance condition and is defined explicitly as

3(0)2(0) A - " A =.(2.52)

The staternent after the arrow relates A to the detuning parameter x and the

. normalized cavity length p introduced previously.

The derivation is now complete to present, the Yulpatov equation in the form

-'- appearing in 148].

"- q- i(A +- - 1)q =i(q)"-Y (2.53)

This equation describes the electron dynamics during the interaction. To describe

Ilhe fields, Maxwell's equations may be used to arrive at

O2 kf - - dxdyf.. k" (2.54)
dz2 N

\where

2 7r

N,. -- 4 dxdy! 1,t and J- ] 2 (t)e-w d(t) . (2.55)

• Assuming an infinitely thin beam at r = r,, the transverse current density may

be written in terms of the charge density p = -I/vii.

"f(t) p -- 6(r - r,) (2.56)
0. 7n,

F <%



V. W-- F..

.1l

This combined with E, = E' given in equation (2.43) yields

i dxdyJ, E; KPn -ew)t,. (2.57)N f

Here the "< .. >,t" represents the integral of the bracketed quantity with respect

to wt over a period, divided by 27r. The substitution t -t to, where t, represents

the time that the interaction begins, is permissible because the V.: determining p

is a constant. The N in equation (2.57) is defined as

p.= n '.(2.58)
* \(imn.,) r

Lquation (2.54) now% becomes

d 2f k2f KPne-t" x p, (2.59)

the last step a result of converting to the slow time scale defined by equation (2.45).

All ihat remains is changing to the normalized variables q and . Omitting the

altebr-a. the resulting equation is

S- o 2 f 2 f 
(2.60)

ll(,iI lt, (irn('isioi(nhs.s curret and o are norinalizati01 fmicor-.

2 k r SCI '
0 ,' and I I- A, r I (2.61)3I

The r(('1 in the definition of I is the slow tirne scale equivalent of R defined in

equation (2.36). The primary results of the slow time scale derivation arc now

restaled.

oq
?' - , q = -  )q i(q')T -] r  (2.62)
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02 f + c 2f I (2.63)
a 2

These two equations are coupled by the f which is in the definition of 7 in

the first equation and the explicit appearance of q in the second. Equation (2.63)

is the generalization with a source term of expression (2.8) solved for by CAVRF.

Since q( ) represents the normalized momentum of the electron as it traverses the

resonator. q(_(t)' 2 represents the energy lost by the electron at the completion

of the interaction. An ensemble average over the input phases of the electrons will

produce the perpendicular efficiency by the relation

2 r

0., 77 ]dycoq( cuv):2 (2.64)
0

where the integration variable po represents the input phase in the boundary

condition q(") = etO,-. The electronic efficiency flee and the output efficiency r are

ihen calculated by equations (2.5) and (2.6).

Application of the Slow Time Scale Theory --

The inlractable nalure of coupled differential equations requires a numeri-

cal analysis. and most lheories make furliher approxinialions to reduce equations

(2.62) and (2.63). A particularly useful approach was formulated by G. S. Nusi-

novich arid R. E. Erin '8. Their simplificalion was based on the premise that

for high Q cavities, the longitudinal profile function f(z) is fixed by the cavity

profile. For most applications. the Gaussian function specified by equation (2.12)

will provide the approximation for f(z). In terms of the normalized parameters

f( e) - (2,, ' (2.65)
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S"This approximation, discussed extensively in deriving the Gaponov equation in

Section 2.2, eliminates the consideration of equation (2.63) altogether. The result

is a single, first order differential equation which may be integrated numerically.

The equation treated by Nusinovich and Erm was of the same form as (2.62),

* . but differed slightly in the definitions. The exact equation listed in their 1972

paper is

do I
d (A I )a Za~'() (2.66)

The definitions of c. p and A remain the same, but the F which appears in the

same position as Flyagin's .7 from (2.50). is defined by

3n,: -AJ, k-::': F A ,,_4 / ?r5

B 2 2_! (kr). (2.67)

The field equalion equivalent to (2.63) is not listed in their paper because they

have assumed a (Gaussian for f(¢), but, the normalization leads to a definition of

heir dimensionless current 1,, different from the I appearing in Flyagin's analysis.

)- :, 2 -- i (L ,' 5 - "?I(

1- 0.24t 1 (Q -V 1 _0 -- G (2.68)

.-

lw ," i- I h'iti-arIn beami interaclion lerm defined h% ,(lijaion (2.28) which appears

in I li (;apotm' linear I heory equation. The expression for I,, is dimensionless for
a bcari culrrtrl I in amps.

"'S

hel'i resths of lhe work by Nusinovich and Erm were plots of r/.i and optimum

ldetlining A,,1q over ranges of the parameters F, p and I,. This was accomplished

)\ specifying a value of F. p and A. then integrating equation (2.66) over the range

ol'¢ from p to P - The parameters were held fixed while the integration
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was performed 32 times with separate input phase p, values. This allowed a

numerical integration of equation (2.64) and calculation of ?_ . The procedure

was repeated varying only the A in equation (2.66) until the value of A which

produced the highest efficiency (A,,,t) was located. By running the algorithm for

many values of F and p, isoefficiency curves and the values of Aot were plotted

against F and p. At each value of F, p, and ?7- corresponding to Apt, the value

of 1, was computed by the equation

I, F2--- 7 '(3-n) (2.69)

which is derived by equating the RF power gain and the power given up by the

beam. The generated graphs of ?I- and A(,J t against specific values of I, and It

are extremely useful in predicating gyrotron efficiencies at particular operating

conditions.

Figure 2.4a is the plot of 71_ and A',M1 as a function of I,. and p which resulted

from the integrations at the harmonic value of n - 2. Figure 2.4b is the same

ipc of graph but diflers by the integration length used. A greater extent of

lie (;aussian profile function is included on the cavity input side in the data

represented by Figure 2.4b, by integrating . from -,/3p to p. Both results

arc credited to Nusinovich and Erm, Figure 2.4a is from their 1972 paper 181, and

Iigure 2.-Ib was included in the publication by Gaponov et al. 45. Both figures

0 have linear scales on the horizontal axis for p and log scales on the vertical axis

for I. but caution should be used in comparing values directly because the relative

scales are not the same.
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The isoefficiency curves are labelled by their ?7_L values. The dashed lines

represent the A,,,t value which yielded the given ?7_L. The highest efficiency pre-

dicted at the second harmonic by Figure 2.4a is 72% corresponding to 1, ,z 20 and

p ,z 18. The highest tj_L shown in Figure 2.4b is 76%, but it occurs at I ,: 200

and p ; 50. The higher efficiency in this region by the second graph is a result of

the longer field interaction on the input end prebunching the electron beam and

enhancing efficiency. However, in gyrotron design considerations, the long cavity

lengths described by this large value of p are unattractive because QD - p2 , and

the higher overall Q values reduce the output efficiency 7 by the relationship (2.5).

In practice, the specific operating conditions and cavity length determine L

and p which are then used to calculate i7_ and A, t from the figures. In the

present study, efficiency calculations were made for all of the second harmonic

modes predicted to be above threshold by the linear analysis. The results of those

calculations are presented in Tables 2.3a - 2.4b. The shorter integration length in

Figure 2.3a generaled he values i)resented in the first set of tables. Table 2.3a is

for the 0.3.1 cavilY and Table 2.31) is Ihe whispering gallery cavity data. The longer

in egra 1011 Ien gi l'e relesenied ini .'jgignre 2.3t, was used to compute efficiencies in

Tables 2.4a and 2.4b.

The values of p ranged from 15.S Io 21.7 for the modes evaluated in the 0,3,1

cavity. The whispering gallery modes wvith a shorter Lefl. produced p values from

10.5 to 13.6. Ihe parameter ],. was calculated by equation (2.68) for a beam

current of 5 armps. As shown in the tables, the resulting values of 1,, ranged

from 0.4 to 3.2 in the 0.3.1 cavity and from 0.52 to 0.81 in the whispering gallery
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Table 2.3a - 0,3,1 Cavity w 2w Efficiency Calculations

Nusinovich and Erm - 1972
. Integration Length of - Z _ <

MODE I,, F Aopt (%) ?7 (%)

TEI,5 ,l(4 ) 15.79 1.3 0.042 0.31 33 20

TE6,3,1(4 16.13 1.6 0.047 0.33 37 22

TE9,2,1 16.15 2.5 0.066 0.37 46 26

TE4,4,1(f 16.72 0.81 0.026 0.18 23 14

TE2.. ) 17.04 1.6 0.045 0.32 37 22
TElo,2.1( 17.13 2.5 0.063 0.37 46 25

TEo.5 ,1  17.15 0.90 0.027 0.19 24 14

TE7.3.1(4 17.19 1.4 0.041 0.30 35 20
TE5.4.1 17.85 1.5 0.041 0.31 36 21

TE, 18.10 2.4 0.057 0.35 44 23
-' TE8 ,3,1(4) 18.24 1.2 0.034 0.30 33 18

TE3,5A(-) 18.25 1.4 0.039 0.30 36 21

TE 6,._ ) 18.97 2.2 0.051 0.34 42 24

TE 1 2.2,1 19.06 2.1 0.049 0.33 42 21

', TE9 3 ,iw 19.28 0.99 0.027 0.18 28 15
TE4 SI(.) 19.44 0.96 0.024 0.25 24 14
TE 2 .6( 19.71 0.77 0.021 0.24 24 13

TEo 6.1 19.80 0.40 0.011 0.15 18 9.9

TEI. 2 .(. 20.02 1.7 0.040 0.31 38 19
TE 7 4 1 (1 20.07 2.8 0.056 0.35 46 25

TE1o.3.1(< 20.31 0.79 0.024 0.20 30 16
0 TEr6 .6(-) 20.60 1.7 0.039 0.29 38 21

TE 3,6, 20.94 1.8 0.039 0.29 38 21

TE1,2,1(_ 20.98 1.3 0.032 0.23 34 16
TE 1 ,7 1 1 , 21.10 1.7 0.038 0.29 37 20

O TE.4 1( ) 21.16 3.2 0.053 0.35 48 25
.TE-, 21.32 1.7 0.037 0.29 38 19

TE6.5,1 _) 21.66 1.8 0.038 0.31 38 21

%.
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Table 2.3b - Whispering Gallery Cavity w, z 2,,, Efficiency Calculations

Nusinovich and Erm - 1972

Integration Length of <- p < < ± p

MODE p F Aop (%) (%)

TE9,1,1(-) 10.56 0.81 0.025 0.28 8.5 5.1

TE1 o,,, _) 11.24 0.81 0.027 0.28 12 6.9

TEI1,1,11-) 11.92 0.80 0.028 0.27 13 7.8

TE 2 .1,1(-) 12.61 0.77 0.026 0.26 14 8.1

TE 8 ,2 ,1( ) 12.77 0.52 0.0089 0.21 2.4 1.6

TEI3,1,1 13.31 0.73 0.024 0.25 14 8.0

TE 9 .2 ,1(4) 13.55 0.53 0.012 0.21 4.8 3.1
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Table 2.4a - 0,3,1 Cavity w ; 2w, Efficiency Calculations
- Nusinovich and Erm - 1975

" Integration Length of - _ f _ + p

-4
MODE ii 1o F O (%) 7 (%)

TEI.s.,(- 15.79 1.3 0.041 0.30 32 19
TE 6 ,3,1 ) 16.13 1.6 0.046 0.31 35 21
TE9,2.1 16.15 2.5 0.064 0.35 43 24
TE 4 ,4-1 (. 16.72 0.81 0.026 0.19 23 14
TE 2 .5 -) 17.04 1.6 0.044 0.30 36 21

TE1o.2.1( 17.13 2.5 0.061 0.35 43 23
TEo 5.1 17.15 0.90 0.027 0.23 24 14
TE 7, 3 .1 17.19 1.4 0.040 0.29 34 19

TEs.4,1(- 17.85 1.5 0.040 0.29 34 20
TE] 1 ,2.1(- 18.10 2.4 0.055 0.34 41 22

TEs,3,1(- ) 18.24 1.2 0.033 0.25 31 17
TE3.5.1(4 18.25 1.4 0.038 0.28 34 20
TE 6 ,,4 . (- ) 18.97 2.2 0.049 0.32 40 22

TE1 2.2,1(-- 19.06 2.1 0.047 0.31 39 20
TE9 .3  19.28 0.99 0.028 0.17 30 16
TE 4 5 1 19.44 0.96 0.027 0.29 28 1
TE 2 .6 1 19.71 0.77 0.023 0.19 28 16
TEo 6.1 19.80 0.40 0.016 (.13 26 14

TE1 3 2 20.02 1.7 0.039 0.30 36 18
TE 7.4 . 20.07 2.8 0.054 0.33 42 23,

TE1 0 3,1() 20.31 0.79 0.023 0.18 28 15
- TE5 ,r (- 20.60 1.7 0.038 0.29 36 19

TE3 ,6,1( - 20.94 1.8 0.038 0.28 36 20
TE 1 4,2 .1( 20.98 1.3 0.031 0.21 32 15

TEI,7,1(- 21.10 1.7 0.036 0.28 35 19
* TEs,4  21.16 3.2 0.055 0.33 43 23

TE 1 ,3,1( 21.32 1.7 0.036 0.27 35 18
TE6,r., {) 21.66 1.8 0.036 0.29 35 19

-p
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Table 2.4b -- Whispering Gallery Cavity 2,,,;, Efficiency Calculations

Nusinovich arid Erni 1975
*Integration Length of - x-"3

MODE Ip 1" F rj (%M) 77 N%

TE 9 1, 10.56 0.81 0.026 0.28 9.1 5.5
T o,,- 11.24 0.81 0.028 0.27 12 7.2

TE11 I.1(-) 11.92 0.80 0.028 0.26 14 8.1
T]..( 12.61 0.77 0.027 0.25 15 8.3

TE8 .2 .1 -) 12.77 0.52 0.010 0.20 .1 2.0
0031 , 133 0.73 0.025 0.25 15 8.2

TE9 .2 . 13.5 0.53 0.013 0.20 6.0 3.8

66



cavity. From the isoefficiency plots, it is evident that the optimum efficiency at

the second harmonic in the 10 < p < 20 range occurs at values of I, "Z 20. Since

1,, - I, the optimum efficiency would require an order of magnitude increase in

beam current.

These low values of 1o which model the experimental investigation require a

large degree of interpolation in using the graphs. The problem is most obvious for

the 1,,. I situations, which would plot below the horizontal axis in Figures 2.4a

and 2.4b. The solution was a computer code developed by B. Danly at the MIT
Plasma IFusion (enter which solved the differential equation (2.66) in terms of the

same parameters defined in (2.67) (2.69). There are two versions of the code

to allow investigation of both integration lengths discussed previously, and 32

steps are included in the integration over input phases. The program reproduces

the Nusinovich and Erm results. but is more flexible by allowing investigation

over selected ranges of F, p and .. with results available in either tabulated or

graphic forrt. This code produced all of the values of r,. listed in Tables 2.3a -

2.41). The last column in each table lists the output efficiency r. related to ?/I

1,\ (,(iltions (2.5) amid (2.6).

i'ho largest \ ' t 'ieof t listed in Table 2.3a for the 0.3.1 cavity iS th e

atl .IS; 8 \it h e lh( oxesi efficiency belonging to the TE,,. ,,] with r, - 8 . In

coni rast. the whispering gallery cavity results for the short integration length

show 2.4'i 1 1-. This difference in second harmonic mode efficiencies

would be expected from Ihe linear restilIts, where the stronger modes in the 0,3,1

cavity had 1 -,z 0.5 amps an( for the whispering gallery cavity ].T 2 3.5 amps.

6S



Comparison of the results between the two integration lengths reveals that

the differences in i1- are generally limited to less than 3%. Specific trends indicate

that the isoefficiency contours are more closely spaced for the shorter integration

length producing a greater range in the values of ?7'. The two lengths produce

the same results at i7_ 30%. For r_ > 30%/. the values tabulated in Table 2.3a

are greater than those in 2.4a and with q- < 30%. the opposite is true. The

trend is supported by the whispering gallery cavity results which are in the low

eficiency regime. consequently the values of t. in Table 2.3b are lower than those

in 2.4). This analysis is valid only over the ranges of 1, and p covered by the

tables. Figures 2.4a and 2.4b show that the relative contour spacing between the

short and long integration lengths varies between different regions of 1, and p.

As a final consideration of the slow time scale nonlinear theory, it should be

mentioned that Flifiet and Read 15W have developed a self-consistent numerical

solution to equations equivalent in content. to (2.62) and (2.63). By solving the

COulpled equations with an iterative procedure until a specified tolerance is reached,

wthe resulting solution should yield increased accuracy over the simple assumption

of a fixed functional form of f(z). The code was applied to the 0,3.1 cavity

' 1"i 1 .2.1.( ) mode in the linear limit, but a large discrepancy between the results

anti the (aponov and linear code predictions cast doubt that the program was

executing properly at the second harmonic.

r*d -- Fast Time Scale Efficienccy Calculations -

In the derivation of equations (2.62) (2.63). a slow time scale momentum

variable p was introduced as defined in (2.45). This variable eliminated the change
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in momentum due to the cyclotron rotation. Therefore dp/dt 0 in the absence

of any interaction with the RF field.

A computer code in use at the MIT Plasma Fusion Center integrates the

particle equations of motion in terms of the fast time scale momentum P intro-

duced in equation (2.36). Initially developed by K. R. Chu of the Naval Research

Laboratory, the program also differs from the derivation of the slow time scale

": ~:equations by including the effects of the RF magnetic field. Because the code in-

* tegrates along the actual particle trajeclories with the full interaction of the high

frequency fields. it is referred to as a part ice integrator. The penalty for the more

complele systern of equations is the increased computer processing time required.

Chu eliminated the need for the field equation (2.63) by assuming a sinu-

soidal profile for f(z). This differs from the approach of Nusinovich and Erm

who modeled f(z) with a Gaussian. A significant modification of the original fast

time scale code was developed by J. Schulkeker of MIT. The new version accepts

1he aclual cold cavity CAVRF field profile as a tabulated function for f(z). The

perturbing effect on the fields by the electrons is therefore not included, but the

:(..\'F profile should provide a more accurate represental ion for f(z) then either

a Gaussian or sinusoidal fundtion.

The part i('h integrator requires as input a normalized version of the CAVRF

output. the detuning parameter x defined in (2.20). and the normalized field

* strength L. In terms of the parameters defined in the Nusinovich and Erm theory,

'" 0 " : " i r ' ' ('2''- '' -- (2.70)

W ..j
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Here the B is a normalized magnetic field given by B = -nwro/c. The F is

defined in equation (2.67) and may be used to relate t to the field amplitude A,

with the result E = 2A/n.

In execution, the program separately evaluates each input value of x and E.

The code uses the CAVRF diffractive Q value and E to compute an output power

" by Pjt - E 2 /QD. The input power required to produce this Pot is determined

by the r/,g value from the integration along the electron's trajectory. The final step

simply solves for the bean current needed to produce Pi, at a specified voltage.

The correct value of k at. optimum detuning xrt must be found which pro-

duces the value of I representing experimental operating conditions. The x,,t is

optimized with respect to rl, for a given value of E. A reasonable estimate of the

correct value of k is given by first performing the calculations in the Nusinovich

and Erm slow time scale theory, then using the resulting F value in equation (2.70).

In a similar manner, x,,1 ,t is related to A,,,t by

-A"pt t (2.71)

'li''e estimates of/E and x,,,, will be accurate only to the extent that the calcu-

lated efliciericies between the two theories agree.

., a verificalion of the accuracy of the particle integrator results at the sec-

o(d harmontic. the code, was run in the linear limit for the whispering gallery

Ti',1 .1, ( mode. The linear limit was confirmed by inputting several low values

of i.' and checking that j, -2. The current at these values is equal to 1,. To

compare witi the (aponov results. a Gaussian function was used for f(Z) instead
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of the CAVRF profile function. The only difference between the theories under

these conditions should be the consideration of the RF magnetic field by the parti-

cle integrator. The agreement was very good. with the Gaponov equation yielding

S, = 3.3 amps and the fast time scale code producing an answer of 1.AT = 3.45

amps. Additionally. the Gaussian function for f(z) produced an overall efficiency

calculation of rj -- 7.1(, at 5 amps for the same mode. This is close to the slow

time scale result of r = 8.1%( shown in Table 2.3b.
liciencies w'ere evaluated for len modes in the 0.3.1 cavity using the full

capabilities of the fast time scale code with the CAVRF longitudinal field distri-

l0ution and two separate integration lengths. The values presented in Table 2.5a

resulted from using an integration length of - s - >7 similar to Nusi-

novich and Erm 1972. The longer integration length of -2-/3p < / < 2 p,

produced the efficiencies listed in Table 2.5b. Besides the predicted values of rqe

and r1. the corresponding values of E and xo r are shown. The results correspond

to 1> 64.3 kV and J - 5 amps. The long integration length efficiencies were

slightly lower than the short length results, but the number of modes evaluated

pr ecludes reaching a general conclision.

Tali e 2.6 conpares tlhe slo\ iiii(' scale arid fast tine scale results for these

It'l liifodC. Ihe particle integrator consistentlv calculated lower efficiencies than

Ili Nusinovich and Errn theory predictions. The relative differences between the

*omputed values varied between the modes selected. The TE 1,2,1(-). TE 1 2 ,2 .1(

and TE 1,.2.1( ) showed the best agreement and the largest disagreements were
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Table 2.5a -- 0,3,1 Cavity u; ; 2w, Efficiency Calculations

Fast Time Scale Particle Integrator

Integration Length of < +

MODE E 1o7 tlee (%) r()

TE ,s, 1() 0.33 -2.0 18 16
TEO.,l(- 0.46 -2.8 27 22

TExo,2,1(-) 0.51 -2.9 27 21
TEII,2 .1(-) 0.55 -2.9 26 20

TE ,2.1(_ ) 0.59 - 3.0 25 18
TE1 3 .2,1) 0.62 -2.9 24 17
TET...1.(, 0.50 -2.6 19 15

TEs.,%. 1 0.55 --2.9 22 18

TE 3 6.1( ) 0.56 - 2.9 22 18
TE8 4.1 0.60 31 23 18

.%
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Table 2.5b -- 0.3,1 Cavity ; : 2w, Efficiency Calculations

Fast Time Scale Particle Integrator
Integration Length of - 2V3p _

ift- ,MODE E N,,,0, ")O 

TEI,6,](- 0.30 -2.3 16 14
TE9,2,](- 0.44 -2.8 25 21

0.49 -2.7 26 20

TE1  .0.54 -3.0 25 20

TE,.2,1( 0.58 -2.9 25 18

TE13,2,1( 0.58 -2.5 21 15

TE 7 .4 .1  0.48 -2.7 18 15
TEs~lL 0.53 -2.6 22 18
TE 3 .6 1  0.54 -3.0 21 17
TE8 4 .1- 0.59 -2.9 23 18

07
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Table 2.6 - 0,3.1 Cavity w z 2w,' Efficiency Calculations Comparison

EFFICIENCY - vj ('7)

NUSINOVICH and ERM PARTICLE INTEGRATOR

MODE SHORT LONG SHORT LONG

TEI.sl( ) 20 19 16 14
TE9,2 , -) 26 24 22 21

TEI, , -- 25 23 21 20

TE, 1,2,1 23 22 20 20

TE 1 2 2 1  21 20 18 18

TE 3.2  1( 19 18 17 15

TE 7.4,1 ( 25 23 15 15

TEs;..]( 21 19 18 18

TE3 1 21 20 18 17

TE 8 4 1( 25 23 18 18

7
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with the TEI,s,l(+) and the TE 7 ,4 ,1(+) modes. The particle integrator calcula-

tions for the whispering gallery cavity continued the trend of lower efficiencies by

predicting all of the modes to be below threshold. Because the fast time scale

program agreed reasonably well with the slow time scale theories when input with

a Gaussian, the major source of the discrepancy was believed to be the difference

in field distribution between the Gaussian and the CAVRF profile.

2.4 2.,:. Efficiency Scaling

The slow tim(e scale nonlinear theory with the Gaussian approximation for

J(z) suggesos a method of estimating efficiencies at the second harmonic from

the operating parameters at the fundamental. The simplicity of the efficiency

determinations using the Nusinovich and Erm plots (Figures 2.4a and 2.4b) is

the result of having reduced t- to a function of the two parameters 1, and g.

By deriving a scaling law between J,-, at the fundamental (l.(,-)) and the second

harmonic (1,(, -2)) as well as deriving the relalionship between p(, ) and P,=2),

1he graphs may be used to map regions of interest at the fundamental to the

,CcoT1d har iionic. This could provide a reasonable estimation of second harmonic

(ff ieci(.- firom a device deviglide for operaliolu a lhit, fiimidalei al. The following

anal\.sis w~as originally developed by R. .1. Temkin at MIT.

The parameters necessary for the scaling aproxiriation are those in equa-

I ion (2.27) defiiling p and( e(uation (2.68) for /,,. The derivation will be kept as

general as possible. though some assumptlions will be made concerning the oper-

ating mode and beam placeimieu. All of the experimentally controlled variables

will be held Coisilant.

,"-
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Using the approximation w nw, -. nB, a constant magnetic field value

yields W(,= 2 ) ;. 2w(n=i) -A(n=2) O.5A(,=i). Neglecting minor differences

between the effective cavity lengths results in the expression

This relation and cancelling the common factors in equation (2.27) yields the

relationship between ti at the fundamental and the second harmonic.

p (,, =2) 2p (,= 11 (2.73)

To determine the scaling law for 1,, the ratio of ]o(n--2)/lo(,= 1) is formed us-

ing equation (2.68). By' eliminating the constants and using the substitution (2.72),

the following expression is obtained.

2) 2 ( )2 ( A ) 2  Q( n=2) C(n=2 ) (.4
I.1) 7r2 \L 'Leff (n(,) Q(n=i) G(n i)

To proceed further., an estimation must be made for the ratios of Q and G between

haritioiics.

For the Q scaling. it wvill be assumed that the beam placement allows ignoring

lhe. whispering gallery modes. From previous descriptions, the 0.3.1 cavity would

ril such a condition. but obviously not the whispering gallery cavity. Neglecting

lire whispering gallery modes permits the approximation Q QD. The expression

for Qt, is given by
2

A I- IRR2i
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1'' where R, and R 2 are the reflection coefficients for the ends of the cavity. The

- B term will generally be slightly larger for the second harmonic. but disre-I-iR, R2]

garding this difference, QD "_(,) 2 yielding

Q("--2) 4 ( 2.76)

Qc,:l)

The G factor defined in equation (2.28) is obviously mode specific. By assumn-

ing that the beam will be in a near optimum location to excite the second harmonic

mode, Ihe following coarse simplification can be made for both the -- 1 and n - 2

modes.

--(k r. - 1 (2.77)

This reduces the G factor scaling to

G(= 2 ) M1irn(-l) (n ) (2.78)

M [v, (n = 2  (n2

IHaving already disregarded whispering gallery modes. now neglecting other ex-

Ireme surface modes allows the generalization V"-. . The resulting sim-

plificalion is given by

v2G(n= 2)  V "2  = 0" A"
______ ap(,,i 1) __ ±(n-l1) __ (,,- 2 1

- '2  k2  (n 1) (1 (2.79)
m1,(n=2 )  _(rn= 2) (n 1)

This scaling factor was checked against actual G value ratios computed using the

wall and beam radius values applicable to the 0.3,1 cavity. Modes were chosen

stch that v,,,,(,=2) z , The results produced a range of G(, 2) ((r

ratios from 0.12 to 0.46. It appears that the scaling is accurate to within a factor

of two with the included mode restrictions and beam placement assumptions.
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.-e % Expressions (2.76) and (2.79) for the Q and G ratios cancel each other when

substituted back into equation (2.74). The remaining factors are easily written in

terms of /1 (n= I).

2 ( (2.80)

The final expression for 'o(1=2) in terms of 1,, at the fundamental is

2 2

--(n-2) lV( ]) (2.81)

This result should provide a reasonable estimate of I,,2) to within a factor

of ; 2.5. The expression is not useful in consideration of specific modes. but.

will provide an order of magnitude view of 1o(n -2). and therefore ?]1(,=.'2), for a

particular range of 1, and p at the fundamental.

An example of this scaling is graphically displayed in Figure 2.5. The two

graphs in the figure are from Gaponov's paper i451 describing the 1975 Nusinovich

and Erm results. The plot at the top is applicable to the fundamental and the

bottom graph is for the second harmonic. The horizontal scales are the same

between the two diagrams. bul the vertical axes of I have diflerenl log scales.

The dashed line on Ihe rl I figure follows the( first ri(lge of contlours rep-

resenting 1, optimized wilh respect to 1. over that range of p. This would be a

typical range of investigation for design of a gyrotron operating at the fundatmen-

tal. The long arrows down to the ri 2 plot show how specific points on the dashed

curve map to the second harmonic by the derived relations (2.81) and (2.73). For

this example, [I_, 0.38 was used in the calculation of I,,(,, 2). The dashed line
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on the n 2 diagram is the map of the dashed line above. The vertical bars

Iextending from the mapped points represent the estimated range of error.

An interesting aspect of the example presented is the fairly constant value

4, . of ij_ on the second harmonic dashed line. The range of 'u extended from 45 to

72' at the fundamental, yet the scaled values of I, and p at the second harmonic

result in ? 38(l, 2". Even including the rather large error bars, the scaled

values still remain in a high efliciency zone with 25%7( < 71_ -- 50%. This would

. be an area of concern for rnegawalt. Ti - I designed gyrotrons. Such high levels of

second harmonic efficiencx could damage componenIs or degrade efficiency at the
-o

• fundanental.
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Chapter 3

4.. Description of the Experiment

The p)rimary goal of the experimental investigation was to determine the pres-

ence of harmonic emission from the MIT gyrotron. Secondary objectives included

frequency measurement for mode identification, starting current determination

and output power level measurement.

The MIT gyrotron is described in Section 1.2 of this paper. The 0,3,1 res-

onator cavity introduced in the same section and discussed throughout Chapter 2

0, was used exclusively in the experimental investigation. The whispering gallery

,avity has undergone initial testing at the fundamental. but the harmonic content

htas not been studied to date.

This chapter will explain the procedures used in obtaining the experimental

results. The first section details the magnetic field scan to detect harmonic emis-

sion. Section 3.2 discusses the frequency measurement technique which allowed

node identification. The third section describes the starting current determina-
l-

tion and the chapter concludes by explaining the power measurement techniques

0. iin Section 3.4.
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3.1 -- The Magnetic Field Scan to Detect Harmonic Emission

I1 The primary objective of the experimental investigation was fulfilled by a scan

over the normal operating magnetic field range to detect the presence of second

or higher harmonic modes. The fundamental emission was mapped simultane-

ouslv over the same field range to correlate results with the possibility of mode

competition between the fundamental and harmonic modes.

Figure 3.1 diagrams the apparatus used during the magnetic field scan. The

radiation is coupled out of the gyrotron through one meter of 2.2 cm diameter

.' oversized cylindrical waveguide. The fundamental and second harmonic receivers

depicted in the figure were placed in the far field radiation pattern approximately

16 inches from the end of the output waveguide. The receivers were aligned in the

same horizontal plane as the waveguide and placed symmetrically at 18 ' off axis

to coincide with the major lobes of the far field pattern.

The second harmonic receiver consisted of a 25 dB gain WR-3 band horn, a

- on( inch section of \VW-3 band waveguide. a variable dial attenuator and a video

diode for a detector. The operalional frequency range for WR-3 band is 220-325

(;liz with a ctioff frequency of 172 (IlIz. The diode was a laYtroi nmodel 4-06-

005 x \wafer in a 1Baytron .1-06-105A delector mounti. The fundamental receiver

used a 25 dt1 gain \VI-6 I)and horn. a dial attenualor, Hughes wavemeter and

a Hughes model 47328H-1111 video diode. The WR-6 band has an operational

frequency range of 110 170 (lIz.

The diodes were chosen to be optimized for the frequency band. but both

4!i showed some response in the otlhers frequency range. Precautions were taken to
0.
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ensure only second harmonic signals entered the 2w, diode and the fundamental

diode received only fundamental emission. In the first case, the fundamental

radiation was below the cutoff frequency for the WR-3 band waveguide and dial

attenuator used in the 2w, receiver. To prevent the higher harmonic radiation from

entering the fundamental receiver, a 2.2 inch thick piece of plexiglass absorber

was placed in front of the receiver horn. The attenuation at the fundamental

was measured by comparing relative diode signal strengths with and without the

plexiglass. The results showed an 8.6 dB reduction in signal at 128 GHz. This is in

agreement with the ,' scaling of the absorption coefficient which will be discussed

in Section 3.4. The success at preventing leakage of the higher frequency 2 wc

radiation was indicated by placing the plexiglass in front of the second harmonic

receiver. This resulted in the complete loss of the strongest second harmonic signal

at 241 CHz, representing an attenuation of over 27 dB. As a final precaution, both

detectors were encased in a layer of Eccosorb material to prevent reflected RF

signals from entering the diodes.

The dial altenuator for the second harmonic receiver system was calibrated

allowing conversion of dial settings to relative signal loss,. Th, harmonic emission

froni a Hughes 1,40 (liz INI)ATT (,vice provided t lie radiation during the cali-

brat ion. Th change in ,ignal st rengt h as a function of dial at tenuator setting was

recorded. The variable attenuator used in the fundamental receiver system was

precalibrated for direct dB readings. Throughout the magnetic field scan, the rel-

ative signal strength was deterinined b. adjusting the calibrated dial attenuators

to rnaintain constant diode output voltages. This method was preferred since it

85
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precluded damage or inaccurate readings caused by saturation beyond the linear

response region of the diodes.

The diode signals were monitored simultaneously on separate channels of a

dual trace oscilloscope. Figure 3.2 shows pulse shapes from the second harmonic

and fundamental diodes. The 0.8-1.0 usec pulse lengths indicated in the figure

were typical throughout the experimentation. The high frequency noise prior to

the pulse is pickup from the high voltage power supply. The repetition rate was

4.16 pulses per second. The cathode voltage V, = 64.3 kV and beam current. 5

amps listed in Figure 3.2 were held constant through the range of magnetic field

values.

The magnetic field was scanned from 4.0 to 6.0 tesla. The lower value of 4.0

tesla was chosen to ensure adequate beam quality. The upper limit ensured that

the fundamental mode frequencies remained below cutoff for the WR-3 band

waveguide used in the 2w, receiver. The magnetic field was varied in 0.044 tesla

increments. At each point the gun coils were adjusted to optimize the signal from

the second harmonic diode. The dial attenuators were varied to keep both diode

\voltages between 10-40 mV. The measured signal voltage and dial attenuator

reading were recorded.

Figure 3.3a graphs the results from the fundamental diode. The TE 2,3 .1 mode

at 5.26 tesla provided the zero dB reference for the relative diode signal plotted

on the vertical axis. As noted on the figure. the diode response is frequency

dependent. Therefore. the peaks plotted on Figure 3.3a do not provide a reliable

measurement of mode intensity. For example, comparable power is obtained in

86
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4.

the TE0 ,3,1 and TE 4,2,1 modes, yet the latter yields a significantly lower diode

signal. The areas on the graph where there are no peaks correspond to no diode

signal with the dial attenuation reduced to zero.

The relative diode signal from the second harmonic receiver is shown in Fig-

ure 3.3b. The TE 11,2 , 1 mode at 4.70 tesla provided the zero dB reference in this

case. The diode response is frequency dependent so conclusions concerning output

power should not be drawn by the relative peak heights. This is particularly true

of the TEc,. 2.1 and TE 7 3, 1 modes at 4.12 and 4.40 tesla respectively. The TE 7 ,3 ,1

mode at 226 GHz is on the edge of the 220-325 GlIz frequency band for the 2w,

diode. The TE),, 1 mode at 209 GHz is actually out of this frequency range and

the diode response characteristics could be quite different from its behavior at 241

GHz for the TE 1,2 ,1 mode. The output power measurements using a calorimeter

described in Section 3.4 verify the misleading nature of the diode signal by show-

ing the TEII.2 .1 to be a stronger mode than the TE9 ,2,1. The rest of the peaks

plotted above 5.0 tesla in Figure 3.3b are within the operational frequency band

of the diode all( should provide some measure of relative mode strength.

rTe nodes identified on both Figures 3.3a and( 3.31) were determined by fre-

(luCTncN Ijeasurements. For the more stable signals at the fundamental, the Hughes

wavemneter included in the fundamental receiver provided an adequate frequency

measurenICn, However. an harmonic mixing system yielded higher accuracy and

was more useful for some of the weaker or more erratic signals. This frequency

measurement system is the subject of the next section.
%. 4,
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3.2 - Frequency Determination by Harmonic Mixing

A highly accurate and sensitive method of frequency measurement using an

harmonic mixing technique was employed during the magnetic field scan to identify

specific second harmonic modes. The method had been used previously for real-

time spectral analysis of far infrared laser signals 51i and has also been used

to measure the bandwidth and frequency pulling of the MIT gyrotron at the

fundamental 52.

The components of the mixer system are displayed schematically in Fig-

ure 3.4. The RF from the gyrotron is heterodyned in the harmonic mixer with a

harmonic of the lower frequency local oscillator (LO). The resultant intermediate

frequency (IF) is given by the following equations.

VPF - nL.VL,(upper) - (3.1a)

vr -- nL,,/L,,(Juwer) 1 /1F (3. 1b) !

llere, , and uv 1,,'woe) represent the fundamental LO frequencies corre-

sporldinig to the i upper and lower si(lebaii(ls. The If1 signal is amplified and then

pro(E'm-, d h' a Silrlfacc acoitp-tic a\axe (SA\\) disprsive (elia\. Thi. allo\\.s the I-'

fr ,quenc. to be displayed as a function of t imue on an oscilloscope.

When a second harmon ic frequenc. IleaslIremetnil was desired, the 2.:,. diode

N signal was optimized by adjusting the magnetic field and gun coils. The receiver for

the harmonic mixing system was positioned in place of the fundamental receiver

shown in Figure 3.1 and the plexiglass absorber was removed. The harmonic

mixing receiver system consisted of a 25 dB gain WR-3 band horn, a two inch
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K section of WR-3 band waveguide, a dial attenuator similar to the me used on the

4 2";, receiver, a waveguide transistion from WR-3 to WR-6 and a Hughes model

47448H-1002 harmonic mixer. The WR-3 waveguide prevented the gyrotron s

fundamental emission from entering the harmonic mixer. The effect of reflected

RF radiation was minimized by a layer of Eccosorb around the mixer.

The 1.0 signal was provided bN a NAG tuned G'unn oscillator which produced

20 30 mWV of output power in the 12 16 GHz frequencN band. The RF frequency

range of'200 30(0 (lIz required mnixing with high harmonics of the local oscillator.

withI 15 nu1 20. The funidamnent al L0 frequency wa,, mionit ored by an El P

model 5.18 frequecy. counter.

The variable gate coup~led through an R F switch on Figure 3A allowed an

adjustable 250 300 risec segment of the gyrotron pulse to be isolated. The variable

delay p~ermitted various portions of the pulse to he gated. For the frequency

Measurements during the present investigal ion. the gale was set to a 300 nisec

Segn teill coli C idei t a wilt Ihe flaticip of I lie gv rot roil PulseC.

The S AW diev ice \\a, at d.N (.Iispersive de) \ihanalYzed IF signals ill

Ilhe .1 70 :,70 NM/ll range 1) .a\ 1I:_(' Ilnen1ilas ina ct hT 1 ionl Of frequenV1c\. IiC'

resultim a i ct delays ratiged I rou I to *20.3 /isec . B\v adjutsli g the hiorizontal1

I itne sclec onl Ile oscilloscopev to include I lie total 16.3 ,isec dispersive dela\. the

100 Miz SAW band\\ id hl \w d ispla'ed . Ini practice, at 2 psec div t imne scale \ws

* convert ed to a 12.3 MIliz div frequency scale,.

A d'utinenis in Ihe L0 frequency resulted in linear changes in I he IF fre-

quency by equat ion (3.1). The tlilne scale onl the sCope was cal ibra 1 ed by changing
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the LO frequency until the displayed IF pulse disappeared symnmtetrically about

the midpoint of the horizontal axis. The pulse disappearance was due to exceeding

the 470-370 NMHz bandwidth limits on the SA% device. thus the midpoint wa

-: known to represent an IF frequenc% of 420 Mliz. Biecause the higher frequencies

- * received less delay in the SAW. the left side of thle scop~e rep~resented v,-' 420

NI lz and the( right side of* the scope( (1isplamed sign ak %iih v,, 120 MIliz.

The procedure for I reque(nc\ dletermlinat ion inviolved s-cami ning the LO fre-

(li(nc\ uint il anl ]I- pilise appea red on Ilit cj. 'I'lie pid \- % a, c'tit redl atn( t Ie

LO) frequeniy \%.as recordledl. Thle ptiIke \\a- Idiii lied a- art ui pjvr or lower side-

band b\iceasing lie, 1.0 frv ttet\ slighlk. If the( pit sc tiivd right ind~icat ing

a decrease In IFI lrveqteic\. it was, idenltified as the, lower sideband an(I thle plus

Si- in equaltiont (31~.11) applied. If the pulse moved left when the 1.0 frequency

Was increased. it was thei upper sidebatid and the minus sign in equat ion (3. la)

\%a, appropriat e.

Tlit local 4fb611illa hat tit(iti( tritfithel ii; I(ou11( cail be4 (Ieertiinedl be-

11 i-v ' WI- .t ~i'10 hil1,. 120 Milit. lB\ locat ing hothI upper

A. ~~At thii. poi111. erlngoil Ill( rightl sidE' ol ('(ral ionsI . a andl (3.11)) was

* det ererit ired alIlow inrg ri It i Ia ion of tie 1?1 F frequiencY Ix cillher expression. The

inst ruitnnta I itriii onl Ih li' cunrac\ of' d ie lreqrterc\ mreasiremrent w~as approxi-

nraev3NIlII.
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e.

of the lack of significant simultaneous fundamental oscillation. For the TE 11 , 2,1.

the second harmonic power accounted for 90--95'/' of the total output power. This

percentage was slightly lower in the case of the TE1 .2.1. with 787 attributable to

the second harmonic mode.

Conidering the range of values listed in Table 3.2. the output power claim of

- t 11 (;li/ ii the TE, ,. . is justified. It is this value which appears on

Fkgoit),I I III -. 14 itog g rot ron perforruatice at harmonics. This result at 6 amps

I srt.;- n,1l0 to t t Mr.all rliti1.nr% 1 j .7'. It ik unknown if the slightly lower

,9,* , & t js~~ t i,'r. tit-1,r at % (for the "I ., art, due to da.,-t-day variations

* t I( rtle li. srI11niia . or 0 Ihi ,-ical elle. t such a.. n hiode suppression at higher

'rofrmt' Tl'r- "lhr T11. _, output imwer value of 15 k* translate. to an

,Y rrtlJ rft¢rirr .4 apprcminuutrlh 3.5.L
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Chapter 4

Discussion of the Results

In view of the theoretical calculations concerning the overmoded nature of

the 0.3.1 cavity, the most striking aspect of Table 3.1 is the limited number of

second harmonic modes that were experimentally identified. Less than one third

of the modes predicted to be above threshold by the linear theory results in Chap-

ter 2 were actually observed. Similarly. the efficiencies predicted to be on the

order of 23" did not exceed 717. The primary purpose of this chapter will be to

present possible explanations for the lower than theoretical levels of second har-

monic emission. A secondar. objective will be the consideration of which modes

were excited. Although the eight modes which were present were all predicted to
0

be above threshold. they were not the eight with the lowest calculated starting

currents or the highest efficiencies. The predominant question is what physical

reasons exist which could account for the missing second harmonic modes and

lower than expected efficiencies.

Hecause the theoretical predictions of Chapter 2 considered only the resonator

geometry, the problem of radiation loss or absorption at. the output window or
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in coupling with the output waveguide was not considered. The quartz output

window was specifically designed for the 140 GHz radiation of the fundamental. It
~was

is unknown exactly how much increased reflection or absorption may be occurring

in the window at the higher second harmonic frequencies. Increased reflection

would raise tie Q and change the theoretical calculations and increased absorption

would obviously lower the measured radiation levels.

The guiding center radius r. and ratio 3 .3. are parameters which enter into

both the linear and nonlinear theory calculations. yet they were not measured

directlv in this experinent. The values which were used in the starting current

and efficiency calculations were design figures based on electron gun computer

simulations and adiabalic theory. As an example of how a reasonable change

in these parameters could affect the differences between theory and experiment,

equation (2.32) shows that L - (3_ /;; ) for the second harmonic. With

Sthe design value of 3 .1, - 1.49. the TE11 .2. 1 mode has a predicted value of

-... 0.66 A. ltowever, if the actual ratio of 3 3: =- 2.0. the change would yield

1 T 0.37 A which is in much better agreement with the experimentall measured

.tarl ing current of 0.2 ..N for the T"E .. 1, mode. A consideration of this sort will

1 iat1ialy',d it) 'eCtiOn 1. 1 concerning tie value of the guiding center radius r,.

'riis exanile is a -iiph illust rat ion of how a change in one parameter value

could account for some of Ithe difference between theorv and experiment in the

- starlinu current for one isolaled mode. In general. the increase in . /0l; men-

tioned would prove couinter to the overall observation of lower than predicted

le'el, of second harmonic emission and reduced efficiencies. This chapter will

..
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analyze physical reasons which could explain the general trend. The discussion

will focus on two separate phenomena as possible explanations. The first "ill be

beam radius effects including the actual beam placement and the consideration of

the finite beam width in calculations. The second topic. which will be discussed

-in Section 4.2. is the possibility of mode competition between fundamental and

* .. second harmonic modes as well as between neighboring second harmonic modes.

4.1 Finite Beam Width Effects

-'- Fxaminal ion of Table 3.1 listing the observed second harnionic rodes reveals

"'-" a trend in the radial mode index p. With the exception of the TE 4.,,.i. each

niode identified had radial mode numbers of p 2 or p 3. The linear t heor\

analysis forecast modes above threshold with 2 p -7. and predicted the modes

with p - 4 to have the lowest starting currents. This discrepancy prompted

consideration that the beam radius was possibly different from the value used in

the theoretical work. or some other interaction was occurring based on the radial

Ihickness of the beam which would suppress the higher order radial modes.

-'lie guiding center radius (r,) eniers into bothli tli linear ihiorN starting

C ur'rerIl c;1 it at ions fromi equalio (2.32) an~d tl( h l iiIm~l licor. ca Ic 1 fll ions

o 01 . in equation (2.6S) b. thie same G factor defined in equalion (2.28). This

.erin represents the efficiency of interaction between the electron beam and the

R- V fields. It is actually onlv the numerator of G which measures the slrenglih

" 5of interaction by G .- P, , (k r,). with the denominator representing the mode

stored energy. Since L, G ( ' and 1,, - G. an increase in G lowers the starling

currents and increases I,. This increase in ],, results in an increase in the predicted
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value of y, throughout the range of ph%.icall. realizable bean current- ili the

MIT gyrotron. The discussion in this mctio, will cotider the ph%sics %hich

could account for an effective louering of the G factor. therel. raisiug Ile tarting

% . currents and reducing the predicted second harmonic emimon. Although the focus

will be on raising the starting current.. tilt same arguments uill result it s ,oer

theoretical efliciencies b% the I parameter s..ed in Ilt- %, litl" me- cale tleor%.

The minimum beam radial thickness i, tun I.armor radii 12r, ). The atiual

thickae..'. i, greater due to the tinite size of the electrom eaitter stri. S.pace ( large.

and ot her elcri. Tlte %-impliiIration u hich allowed deereirnat io ti n ; o s% anah I ic

* rva't lod, ua.s t hat tit iterattin, could be repreienatel! uing anl infiitiel% thits

annular beam with radius r.. so it i. reasonable to assume that some physic'.

considerations were lost by discarding the radial beam thickness. For the MIT

gyrotron. the electron beam width (thicknes,%) predicted by computer calculations

' 3i. r,.. .ince r, I .. it is evident that the beam thickness wa' changing

". vhrougho ! lgil, experimental magnetic field 'an. I',,itng tilt- field %allev. li,.ied iil

Table 2.2a. t lie heam widt [is range from 0.063 cm for t h T. I.. *I nI,, at I . '11

.' I 1.1)I, (.11 for Ow I i i-,a.. iode, at 0.01 T. Ani a'era c %,aIua lot 11l( -,e t ,

I hlh I . ppr- ia 'l.,, 0.0) cI represent, 2.'; of I l,. r. (t.I t; ct, ,alIe u.,.,im

i tile, h e'ore.t ic a l c alulat ions.

Figurv.-1.1 is representative of the extent of variation in calculated starting

* current which would result by using different values of r, within the range of beamia

thickness. The two mnode. represented are the two sense, of opiosile azimuthal

rotation for the '4, 1.41. The presented values of I., are valid at 1? .. 356 1' as
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* This limited apparent success is marred by the overall result that the finite

beam thickness factor did not eliminate any modes byv increasing their theoretical

%tartinit currents over the 5 amp experimental operating current. It actually added

the II.~ mode to the list of those predicted to he above threshold. In simple

trm1U% the beami width averaging inicreased the start itg current for the low starting

flirrent mixit-.,. lout defreas" I , fr l ift- high %tarting current m~ode,, The range

o)f % alutW. of 0. 11 A I *2SX A for t 1w infinitely thin beano calculations was

to* 0 Phi$ 1 3i teA % / I. 1theatin widi I, factor. Addlitionally.

Oiell. toot di ot IISDsI 4 nIektetft ilimoer %tarti ing currents of' the' lo-.% radial

flole". estiel ial44 I .. ~ Io III. bisgbrwi e itiodre". a- r% idemj vol l.' t he SKi; redurt ioni

ir) I t, list the T1., I Thi- itsiode %%ill e%i-~ a, a u-.eful mimttary for the bearil

res~~~~~~~ts~~~~oti cnieeras-n otie rtalndpsid m'inight into the apparent

I.I iiter I 't sleivort- thr piedmited !,tartt sn crorotnt fot ft TL1.t 1 mode, at

I 'r.il IF Thr, 64? allot vigit edge, s-f Off. ctne- trisre-cu till itict anid (siter radial
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1000 A a~ c, then decreasing back down to the value of LT 56 A, shown byI

the #4 in the diagram. Finally, the beam width averaged starting current values

showed the two modes approximately equal with L,.- 2.3 A for the TJ~;(

and L, z 2.2 A for the TEI,(,i(-. Although the central region of the beam

interacts very weakly with the fields as evidenced by the high -thin" beam L,

values, thle inner and outer edges of the I eamn are p)osit ioned to interact favorably.

thus bringing the full beatm width averaged starting current down to : -2.2 A.

Since thle 1 mo cuirves for thec rotating inodes are a lmro~i \nin retric about the

central valIue of' r, 0.19.1 cmi. it is reasonable to( a-;sum tihat thevir interact ion

with Ii( fieldls o\ver the( full b~eam width) would he similar. Tlie beami width aver-

aged startinug current calculations support this, whereas thie deli a funtion01 View Of3

the beami radius yields orders of ruagnir ude differences in thfe predicted startingI

currents for the two senses of rotation. It is felt that the averaged values are more

physically realistic, even though the TE 1.1 .1 miode was not observed experimen-

tall . Thie lack of tiode excitation is probably (] ie( to pheniolrtiea unirelated to

beami ra diuls effects.

A% po'~il'alit\ niot cotisidlered initetertcl~a11 a oI t1 1,1at there mray he

a tidingo wave'-Oi mci ires ill 11he cavil v a opposed to 11ii( rot at i hg vi ayes asl txie1(d for

he~ tionaziliutlhall\s ~itnenciiiodle,. 'llii, would lo\et- t Ow predhict U interact ionl

becauiic of' elect romnagnet ic field f) 1 11c~t i azinnil t al direction w i ic Ii do0 not

0 existi if the \%a\(, is rot at jg. lExperi tietita iiieasuremnieti of' the far field pat terti

in'1 ivalf 1et at thevre are rot atlii modes . but Ii is does niot precluide the possibility

of "tlanding wait\e fliode'.

12:3



Although possible improvements to the averaging technique. such as including

a spatial distribution function for the electrons. might yield minor improverrrdnts.

the limited success at predicting experimental results suggests consideration of dif-

ferent explanations. The degree of success of the finite beam width considerations

is limited to the range of applicabitlt for the t heories covered in Chapter 2. These

were single miode analk ses. so the failure of the heaui width corrections to account

for the experimental observat ions is possibly due to the( failure of the theor\ itself.

-~~~ ~if inuiniI iod inmg or miode comrpet it ion effect(*s were present. These possibilities are

discuissedl il li h follow i rig section.

4.2 Motie ('ollipet it ioli

Theoret ical analyses of inult irnoding andl riodle coripet ii on in gyrotrons have

b~eeni conducted previously, such as the invest igal ions b%- G. S. Nusinovich '55 and

Kreisclier el at. 56 . Thiese stu iie, have showni that the phenomena can have sig-

riifica nt imiipact on the mrode oscilIlat ion (haraci eri i ics of gyrot rons. N usinovich

cii- E' iIree, prinm r. rwin ie~i diiore of' niulii 1((ing. Itiese being mode suppressioni

rilml iiI1.i11(i ll,1 ati~t~iu ril1mi( ikiiig. 01i I lie t it. Tnioid supp~jression is the

1' 1 1 f I i f( 1w (I ' I tI ," I iI 3I ii I i I T ifnilii'. Thlis is char-

~ iiicIIi . i i l~ ~c l.~ I~griod l~Ii rg1li o-illat ion of nearby modes

\%hich 11i1"'11 oI lir 1.\1, 1w ahtiwc hlin-hiohi The predici iomn, of t hese events are

Clear 1l\ oil idc I it- realin (fI he theiories preseui ed ini ChIapt er 2. In a similar mnan-

Tier. 1 It(, ex icec of inode ((iipet if ion effect , coti H severely reduce the accuracy

of I it h-e c li I loons liasc on those I liories.
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The study by Kreischer and coworkers cited above, included an experimental

investigation of multimoding at the fundamental with the same 0.3.1 cavity used

in this study. There were large areas of mode overlap which were predicted by

t heory and supported by the experimental results. Additionally. the fact that the

TE,,.:%. mode never fully acheived the high efficiencies otherwise predicted was
6.

attributable to its oscillat ion zone overlap with the TE;.:i. i mode.

In the present stud%. the diode signal traces such as those shown in Figure 3.2.

confirn the exiStience of inultiniode o.cillation between fundamental and second

-harmonic rodes. Additionally. the simuItaneous frequency measurement of the

-r'.,. and ]'.,.i ,riodes at the same magnetic field value, is a clear example

of multirnoding between second harmonic modes. The existence of this multimode

oscillation points to the possibility of mode suppression or enhancement between

fundamental and second harmonic modes. or between separate second harmonic

imodes.

The mode competition theory developed by Nusinovich is valid for arbitrary

harmonics. but analytic methods for applying the theory have onl% been developed

at the fundamental with some simplifying assumptions. such as a uniform distri-

"it ion for the axial lield profile. Quantative methods are therefore not available

for a detailed analysis of the effects of tnultimoding at the second harmonic or

mode compel it ion belween fundamental and second harmonic modes. However.

qualitative argumen s will be presented as well as the experimental evidence.

In a magnelic field regiot %'hich supports hooth fundamental and second liar-

TIonic modes, th, fiindarnental will grewrallh begin oscillation prior to tile second

I0 "1
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harmonic keause it hab higher gain. a lower starting current and a wider ecitastion

ranng' Thi+ - I lovn experiimentall% confirmed. An exampk of thi* phenomenon

i% .%hotu n in Figurr 3.2. %t here the fundamenal T. .,, I diode siignal turnib on earlier

and hai- a longer pulw length than the second harmonic TMo,s. itiode. Although

tilt %'rond harmonic mode ma. %till acillate. the e"tahli6hed fundanwntal nsode

sui l.n rid to dplet the a&%iilall, elitron.. % hich nmighi thrr i,%i ruchanlte ern

erg utith th- +.econd harmonic. The re'%ult tould he re'dured arlhienc. and output

...i e'r att tist "..cto d htarisonKih frisill tht Vhici ou(ld lt- Ilsf'di te'd ai tlt -,,.'

(of t hi falndanruln al mode.

rhe t-xperimental reul% of t li- tld% apIo'dtf its su.t11ort the- idea. Ma loaf.

liCl air th cae of the, fundanntal -ti | )rrsinl th+ %"'lend harmtionic e'nsI-sim

lFiere I.-I reproduce% the magnetic field %can diode iynal plot% from Figurr% 3.:;a

ad 3.:t. Both .. and 2..'. diode signal-, are whcown on the %iamr graph. --o Ihr

" Yerticat %cale la% ben eliminated to avoid mi!liadinst estinsate-' of rilati r mode

st reuagsil. A- mristiontd in Chapter :1. relat ivel% fe'r on cilu,'on% film% lor drag i

concerning outp Ut plo'er h% the diode .-ignal even front the ame diode. yet the,

TII ... i.. ".I . and TI;..,a node, proild the tt,,t con-itenltl ,lalI diode.

"iilnlk at til," werondl harmonic. The higher fliagnelk field 2.., tiio(wi'e. TI.,.:, 1

t lhrouwgh t he TF.-.. were generall characteri zed hy erratic. low level diode sig-

, naIs. present over a itlicsh moreI limitied range of magneli field and gun Coil S Itting,.

e .A seen ii Figure, .1.4. theste high magnetic field. low level 2.e, modes occur at the

%affie' field values' a" signiltan Ievek of fundamtental radiation. in particular th4e

"" "-" "rF];, ."I'F . h,. 1 "'F-+,. tl0de'sp . HI contras t. t1he Consisle'nly l ail+,, IlLh 1F...,."'p ..
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The lack of any observed third harmonic emission is probably due to mode

suppression considerations as discussed in the previous chapter. Both the fun-

damental and second harmonic modes have higher gain and should suppress the

third harmonic oscillation. The modes listed in the Tables 5.1-5.3 should occur

at % 4.8 T. but this coincides with the second harmonic TE, . mode. As seen in

Figure *. I. there are- no magnetic field regions between .1.0 6.0 tesla where there

is neither fundamental nor 5econd harmouir emi.sion. thereby making third har-

.sionic w tillatiot unlikel. . "Ie," r ,,ts in Talles 5. 1 5.3 bas.,ed on the single mode

.4. a,1al i- did 1101 f(,r.%itler I h,., im(-i. r(,,,pI.! it ih pos.il li i..

.4%
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Chapter 6

Cojiclusiozis anid Recoinniendat ions

The present stud~y has confirned the existence of' second harmonic emission

from a high power. high frequency gyrotron designed for the fundamental. The

second harmonic radiation was within the high efficiency zone, resulting in approx-

imately 25, kV% of output power at 241 GIlz. The linear and nonlinear theories

which %%ere applied indicate that efficient second harmonic emission will be the

4 %..

4.. general resut, rather than the except ion iii overtiioded. high power gyrotrons. Fui-

liirv inegawa t 1 powe(r la's el gy roltrors. dlesign(,(] for operation at the fiudament al.

%% ill lld\ 11) t tIn, der Ow Of(lift I (if' ifti r' irwn~oiI( illwtiion or dexelop iuiet buds

f'Or s11pp~re-'sing I lisv ie"

2
The h a r niloln it- vi i i i.s ioii ol ,ser~ ed i yi t I i i-. i nii i',t iga t lot i % as identifi able as cav itv

modes. That is. each inodu freqiieiic% 2--. could be predicted based on

the scaling of t he lk'ssel fiinct ion zero. i',.,. The dist inction here is between

0

these cavit\ mrodf-s arid parametric effects v~hich have recently been identified

in tIe radiation fromt a 2K (ClIz. c%% Variani gyrotron to be' used for ECRH onl

S. the TARA tandem tifirror experimlent at MIT. These latter, parametric effects

137
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are characterized by a second harmonic frequency measured as exactly twice the

frequency of an oscillating fundamental mode. Experimental work is continuing to

investigate this phenomenon. and separate physics issues are involved than with

the cavity modes found in the gyrotron used for this study.

6.1 -Summary and Further Conclusions

The theoretical investigation separately considered two different resonator

cavities. The 0.3.1 cavity was designed for scaling up to megawatt power levels and

N •applications. The relatively small heam radius to wall radius ratio naturally

yielded a dense mode structure. with the possibility of 36 second harmonic miodes

between 4.0 and 6.0 tesla. The whisperig gallery caviiy was designed for reduced

mode competition at the fundamental. and the larger beani to wall radius ratio

C' -allowed a relatively sparse specitrm, with only half the possible 2w, modes as the

0.3.1 cavity over the same magnetic field range. For both cavities, the CAVRF

C'. -.

comnputer code predicted the 4.06.0 iesa second harmonic mode frequencies to

be in thec 203 :303 G IN range.

A~ hi i'a r ali -ii de le erinh ied ll h h re~hol'l of o,( I Ila I ion (onld it i0o1. for Ihe 2..,

Im10(le- ill Ipoti cavii m'. Thel spconid liarnioi p tjwiimei of Ili( 0.:'.] cavity was

S ~predlicl ed to be heavilN overinoded. withi 28 of the :16 jpossihle ino1C5 in the 4.0-6.0

tesla range having starting cuirrets of less than five am~ps. The whispering gallery

cavity calculat ons shoed a greatly reduced mode spectrum. with only seven

Simodes predicted to e above hreshold at a beai current of five amps. Similarly.

the raityi nifu theoretial startig currents were lower for the 0,331 cavity with

S.-

'Jntd

1 00 LIL . .. % % .

caaiies Th ., aiywsdsge o cln pt eaatpwrlvl n



"'- ]T : 0.5 A. as opposed to the whispering gallery resonator which had a minimum

lTv 3.5 A.

The nonlinear theory was employed for efficiency calculations for all the sec-

ond harmonic modes predicted to be above threshold by the linear analysis. A

slow time scale formulation allowed efficiency calculations from computer gener-

*".."ated graphs. based on the assumption of a Gaussian longitudinal field profile.

Application of the slow time scale theory only required calculating the normalized

operating current I,, and normalized cavity length p. The second harmonic modes

predict(ed to be above threshold in the 0.3.1 cavity had total efficiencies ranging

from 10 25'-. The whispering gallery cavity slow time scale theoretical results

were in the 5 I0' efficiency zone. A fast time scale computer code using the

cold cavity CAVRF field profile was also employed for efficiency calculations. The

resulting efficiencies were lower than the slow time scale values by 2-10 percentage

points for both the 0.3.1 and whispering gallery cav'ities.

Starttig currents and efficiencies were calculaled for a limited number of third

and fourth harmonic modes using the 0.3.1 cavil.\. The lowest third harmonic

st art ilig c urreiit s \crc a )ProxiTmatclv "2 .A arid thc totirl h harmornic had the lowest

v'aluvs ofl J . 5.4 .\. The results indicated that slight ly more thai half of the third0

harmonic modes between 4.0 6.0 tesla should be above threshold at five amps. A

very small percentage of the fourth harmonic modes should be excited at that

*beam current. Output efficiencies for the third harmonic modes were calculated

to be in the 5- 107 range using the slow time scale nonlinear theory.
'%

,. 13
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The final theoretical analysis was a scaling estimation for second harmonic

efficiency based on operating parameters at the fundamental. The slow time scale

., efficiency plots provided an easy method of mapping regions of interest at the fun-

damental to the appropriate efficiency zone at the second harmonic. The method

supported the quantitative results of the 0.3.1 cavity by predicting high efficien-

cies at th, second harrmonic. An examtple presented for a device optimized at

Ohe fundamental hox4ed a retnarkal.ol constant. high level of second harmonic

efticienc.. evew to Ohw poitil wher w ltiudatiet al efficienc. had decreased by

aplroximately 30'1,. This rjo1i3a3 , i g the concern over harmonic eiission for low%

ohmic loss. lo", Q. om ermoded resonator, deigned for fundamental operation.

The experimental investigation was designed to confirm the predicted exis-

tence of the harmonic emission and provide some test of the theoretical calculations

for the 0.3.1 cavit. A iagnelic field scan over the 4.0 6.0 tesla range at 64.3 kV

and wii h . amps of heari current %%as (onduct ed. using video diodes to detect hot h

11iif al m-11 1ii l I u olld harmonic emi -iou . Eighi 2-' mode,- %, i, identified If\

. an l harImoiii( mixing 1.tquonc.% fueaumnuru.rul r .. etry. il It fre(,qenri, gener-

.. I I.\ %\ iIvliu (I I O f I I i t .\ VII \.Ii,-. Tli- mixivig .\ -l('1w lrov(.d to

I inmal ,l,' (l ' to 1, i f(t I .it ,,i irlht\ iv, ea ut' low-level. erratic signals.

"l't oitr3ilig ctle4,i1l 1il a- rIrJ hIq t11, "lI'l .. mode was 0.2 A. which was a

* ". factor of tirec lo\ er tat ih,, Ow l loreti(al \alie. and of the same order as L,. for

* • Q fundalmental nmode- . I \ er inI'vaoireewtents of the' T13,11.2.1 and TE,.' 2 .1 niodes were

4P.,

4 1
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performed using calorimeters. The reflectivity of the calorimeters at these freque-

cies was analyzed using dispersive Fourier transform spectroscopy. and power dis-

crimination between the fundamental and second harmonic was accomplished b%

using various thicknesses of plexiglass absorber. The results revealed the TEh .I.,

mode producing - 25 kW of output power at 241 Cllz. with the T.t,.1 . emitting

S15, M~ at 2M). (;lit.. nTes result. represent the highest output powers at high

frequenc% ( I0() (Ill7) detected in i g.rotron operating at harmonics above the

fundamental.

Th detectioll of ,,ecolldi harmolnic erission and the power levels achi,'ed

* ~represent tOw mid signtificant asperlI of th lii. tud%. However. less than one third

of the " 2. . tinodes predicted to be excited were observed and the measured

efficiencies were a factor of three lower than the theoretical values. Additionally.

no higher harmonic (n • 2) miodes were observed although a number of third har-

rrionic riodes %%ere predicted to be above threshold. Two possible explana ions for

.h- differetice %%ere invitigaied. The fir.t roiisidvred tile Iso--ibili% t hat a cor-

rection acco i ing [or tli. fill hf il e0-lect rowi 1 .v fit h. and iliorl oratled ill the

.•N art riyg t ir lH idn qil 4i 1 i xl 4 a u is, ioll . f11 hi ih 0 4 I' li o e lomrr Itti, Ilmvorl ical

'.1.''ofiIi.rfiIfll (';rg,-,orI Iul4.ittl ii,, v'\ji.rii,,u' l h ifll a Olt pel Altle .. \though

i' %%a, feltl hat 0I6i, corre-tios %- i ,-ialh . mitore realistic than Ite infinitely

thin beani calcitlatio.-. it did tlot -itteed in predicling lower emission levels at

0 the second harnoni(.

Th, .econd consideraliolt %a- thai moe, .mippr sion could account for the

decrea.sed s .ond JiarJolir JttO(lh "od " t ruim and power levels. Multimoding was

O,1
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experintentally verified between fundarnental and becond harmonic mode., ab well

a% between separate second harmonic modes. The quantitative theor% iti oi

adequatel) developed for interaction betweren fundamental odies, but qualatatiIVC

theoretical considerationit support the '. sew that an establiohed fundamental modt-

will tend to prevent amcillatmon at 2-- The experimental results contributed to
thironcn~io I.' in'. ethe tl. tr..ragc.t viond harmonit mode% owillating in

%. I. ap-- in Ite funiasiet sl .pectu Iru t 11%a-- difficulIt to vst imate t he degrtw of mode-

.toaloff ,%%ivt 4aiiwl lIs% *otir .4-tiil leaftiuonit nmnil oil another. hut the oritioded

11,6t1re III the. fdlvlt and 40lrmrf..s 2- 2_ 1muftimnlideg defsIltCd% aIkCIl (I

the. pto---iili f lhiP . p.*m of coinjort simon, Till- eiualltAti'r Al"'MItwill hael toll

the emwutena 'idence wa- that Ih futodaitwntal %upprc-n tit The s'mond

harmonic moade wamb the dominant effct

8.2 Revotrinendat Ions for Further Study

Tl~ it'.f~tg~tnn iog.tr~t there remain- a gtrat uo-a) of experimnnal and

h..rtril 11 1g'i %%Ii. fun; 011ld for done. concerning the harnontir rn,*?,ion frnt

hlu : jwmu''. r g% r,.t revro l.'igolfui itt 1.0 biliat;, lse,,: A. 1,110- r. pltitl t ill" I'-NIit1i

'. #Alf i.im ahro d r ie'm,, U ill m m 111 i '.. 011 lm'.~ ig d fillt (v'iin. fir- Ie@ I .i ''

* * al mi hegm I . ad'ri t ad aInv m . ic nti iiwds ol fort i ipul an e Ih iou fm. 'inc';,. n

and2- .. ieret-ia.r~. I!- dii un- prsectl efortd yild lhe timediteanitg

%-6
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